Introduction {#s1}
============

Cell migration is essential for embryonic development, wound healing, immunological processes and cancer metastasis. Cell migration is driven by assembly and disassembly of protrusive and contractile actin filament structures. The force in protrusive actin filament structures, including lamellipodium and filopodia at the leading edge of cell, is generated through actin polymerization against the plasma membrane. In contractile actin filament bundles, such as stress fibers, the force is generated by sliding of bipolar myosin II bundles along actin filaments. Notably, whereas the assembly-mechanisms of protrusive actin filament structures are relatively well understood, general principles underlying the assembly of contractile actomyosin bundles have remained elusive ([@bib49]; [@bib7]; [@bib44]; [@bib11]).

The most prominent contractile actomyosin structures in most cultured non-muscle cells are stress fibers. Beyond cell migration, stress fibers guide adhesion, mechanotransduction, endothelial barrier integrity, myofibril assembly, and receptor clustering in T-lymphocytes ([@bib11]; [@bib74]; [@bib54]; [@bib69]; [@bib75]). Due to their intrinsic properties, stress fibers have become an important model system for studying the general principles by which contractile actomyosin bundles are assembled in cells. Stress fibers can be divided into three main categories based on their protein compositions and interactions with focal adhesions ([@bib62]). *Dorsal (radial) stress fibers* are connected to focal adhesions at their distal ends and rise towards the dorsal surface of the cell at their proximal region ([@bib32]). They elongate through vectorial actin polymerization at focal adhesions (i.e. coordinated polymerization of actin filaments, whose rapidly elongating barbed ends are facing the focal adhesion, is responsible for growth of dorsal stress fibers). These actin filament bundles do not contain myosin II, and dorsal stress fibers are thus unable to contract ([@bib32]; [@bib19]; [@bib68]; [@bib47]; [@bib67]). However, dorsal stress fibers interact with contractile *transverse arcs* and link them to focal adhesions. Transverse arcs are curved actin bundles, which display periodic α-actinin -- myosin II pattern and undergo retrograde flow towards the cell center in migrating cells. They are derived from α-actinin- and tropomyosin/myosin II- decorated actin filament populations nucleated at the lamellipodium of motile cells ([@bib32]; [@bib68]; [@bib9]; [@bib10]). In fibroblasts and melanoma cells, filopodial actin bundles can be recycled for formation of transverse arc --like contractile actomyosin bundles ([@bib46]; [@bib1]). *Ventral stress fibers* are defined as contractile actomyosin bundles, which are anchored to focal adhesions at their both ends. Despite their nomenclature, the central regions of ventral stress fibers can bend towards the dorsal surface of the lamellum ([@bib32]; [@bib58]). Migrating cells display thick ventral stress fibers that are typically oriented perpendicularly to the direction of migration, and thinner ventral stress fibers that are often located at the cell rear or below the nucleus. At least the thick ventral stress fibers, which constitute the major force-generating actomyosin bundles in migrating cells, are derived from the pre-existing network of dorsal stress fibers and transverse arcs. However, the underlying mechanism has remained poorly understood ([@bib11]; [@bib32]).

Stress fibers and focal adhesions are mechanosensitive structures. Stress fibers are typically present only in cells grown on rigid substrata and they disassemble upon cell detachment from the matrix ([@bib44]; [@bib21]). Furthermore, after applying fluid shear stress, stress fibers align along the orientation of flow direction in endothelial cells ([@bib55]). Also focal adhesions develop only on rigid surfaces, and applying external tensile force promotes their enlargement ([@bib17]; [@bib48]; [@bib53]). Focal adhesions contain several mechano-sensitive proteins, including talin, filamin and p130Cas, whose activities and interactions with other focal adhesion components can be modulated by forces of \~∼10--50 pN range ([@bib56]; [@bib20]; [@bib22]). Furthermore, the protein compositions of focal adhesions are regulated by tension supplied by myosin II activity and external forces applied to the cell ([@bib76]; [@bib39]; [@bib57]). Importantly, despite wealth of information concerning mechanosensitive focal adhesion proteins, possible effects of tensile forces on actin filament assembly at focal adhesions have remained elusive. Furthermore, the mechanisms by which tension contributes to the alignment of stress fibers and actin dynamics within these actomyosin bundles have not been reported.

Here we reveal that formation of mature contractile actin bundles from their precursors is a mechanosensitive process. We show that arc fusion during centripetal flow is accompanied by increased contractility that inhibits vectorial actin polymerization at focal adhesions through AMPK-mediated phosphorylation of VASP, thus insuring formation of ventral stress fibers. Conversely, activation of AMPK allows generation of contractile ventral stress fibers in cells growing on compliant matrix, where their formation is normally prevented. Furthermore, we provide evidence of mechanosensitive actin filament disassembly by ADF/cofilins during stress fiber assembly. These data provide support to a new mechanobiological model explaining the principles of assembly and alignment of ventral stress fibers in migrating cells.

Results {#s2}
=======

Transverse arcs fuse with each other during centripetal flow {#s2-1}
------------------------------------------------------------

Transverse arcs are generated from actin filament arrays at the lamellipodium ----- lamella interface ([@bib68]; [@bib59]; [@bib9]). During their assembly, thin arcs associate with elongating dorsal stress fibers to form a spider-net -like structure ([Figure 1---figure supplement 1A and 1B](#fig1s1){ref-type="fig"}; [@bib68]). This network, consisting of several non-contractile dorsal stress fibers and multiple thin arcs, flows towards the cell center and maturates to thick, contractile ventral stress fibers through a mechanism that has remained poorly understood ([@bib32]). Interestingly, proper stress fiber network does not form in cells grown on compliant matrix ([@bib21]; [@bib51]), but whether the assembly of all above-mentioned stress fiber categories, or only a specific one, is mechanosensitive has not been reported. By plating U2OS cells on soft (0.5 kPa) and stiff (64 kPa) substrata, we revealed that dorsal stress fibers and arcs are also present in cells grown on compliant matrix. In contrast, ventral stress fiber assembly is compromised under these conditions ([Figure 1A](#fig1){ref-type="fig"}). While 89% of cells plated on 64 kPa matrix contained ventral stress fibers, only 10% of cells plated on 0.5 kPa matrix exhibited ventral stress fibers as defined by presence of straight, contractile actin bundles connected to focal adhesions at each end. Thus, generation of ventral stress fibers appears to be the mechanosensitive phase in the formation of the stress fiber network.10.7554/eLife.06126.003Figure 1.Transverse arcs fuse during centripetal flow to generate a contractile ventral stress fiber.(**A**) U2OS cells have three subtypes of stress fibers: Dorsal stress fibers (red arrowheads), which are attached to focal adhesion at their distal end; Transverse arcs (yellow arrowheads), which are curved actomyosin bundles oriented parallel to the leading edge; Ventral stress fibers (orange arrowheads), which are thick contractile bundles connected to focal adhesions at both ends. All three stress fiber categories are present in cells grown on glass or on stiff (*E* = 64 kPa) silicone matrix, whereas assembly of contractile ventral stress fibers is compromised in cells grown on soft (0.5 kPa) matrix. (**B**) Live-imaging of U2OS cells expressing GFP-calponin-3 (CaP3) revealed that transverse arcs fuse with each other during centripetal flow to form thicker actomyosin bundles. Red and yellow brackets highlight fusing arcs, and the orange dashed line indicates the thick ventral stress fiber derived from the fusing arcs. (**C**) Arc fusion often initiates at the connection points of dorsal stress fibers and transverse arcs (indicated by red arrowheads). Two separate video frame series are shown in the panels. In the images, dorsal stress fibers and arcs are oriented vertically and horizontally, respectively. Stress fibers were visualized by expression of GFP-actin. Bar, 1 μm. (**D**) Live imaging of YFP-Tm4 and CFP-α-actinin-1 expressing U2OS cell reveals that homotypic coalescence of adjacent Tm4 and α-actinin foci occurs during arc fusion, thus allowing to retain the periodic pattern of transverse arcs. Yellow brackets indicate fusing arcs and yellow arrowheads highlight pairs of fusing α-actinin-1 foci. Bar, 1 μm.**DOI:** [http://dx.doi.org/10.7554/eLife.06126.003](10.7554/eLife.06126.003)10.7554/eLife.06126.004Figure 1---figure supplement 1.Fusion of transverse arcs.(**A**) Dorsal stress fibers and transverse arcs have multiple connections points, thus forming a spider-net -like structure. Stress fibers were visualized by expression of GFP-actin. Red arrowheads indicate dorsal stress fibers and yellow arrowheads transverse arcs. Bar, 5 μm. (****B****) Connections between dorsal stress fibers and transverse arcs are formed early during the arc fusion process. The stress fiber network was visualized by expression of GFP-CaP3. Red arrowhead indicates the distal end of a dorsal stress fiber, and yellow brackets highlight arc fusion. Bar, 5 μm. (****C****) Frames from a movie of representative GFP-CaP3 and CFP-zyxin expressing cell demonstrates that the spacing between individual CaP3 foci decreases as the arc flows towards the cell center and fuses with adjacent arcs. Bar, 5 μm. (****D****) Also in fixed U2OS cells expressing GFP-CaP3, the distance between adjacent CaP3 foci correlates inversely with the distance of the arc from the cell edge. Bar, 5 μm.**DOI:** [http://dx.doi.org/10.7554/eLife.06126.004](10.7554/eLife.06126.004)

To reveal how ventral stress fibers are derived from arcs and to elucidate the mechanosensitive basis of this process, we examined the dynamics of the stress fiber network in U2OS cells, where all three stress fiber categories can be readily visualized by live-cell microscopy ([@bib32]). We first followed this process by using GFP-calponin-3 (CaP3), which compared to other stress fiber components allows better visualization of thin arc precursors. Interestingly, live-imaging of GFP-CaP3 -transfected cells revealed that the thin arc precursors fused with each other to form thicker actomyosin bundles during their flow towards the cell center ([Figure 1B](#fig1){ref-type="fig"}; [Figure 1---figure supplement 1B](#fig1s1){ref-type="fig"}). Fusion appeared to often initiate at the sites where arcs were connected to elongating dorsal stress fibers ([Figure 1C](#fig1){ref-type="fig"}). Live-imaging of cells expressing CFP-α-actinin and YFP-tropomyosin-4 demonstrated that homotypic coalescence of tropomyosin-4/myosin II foci and α-actinin foci of adjacent arcs occurred during the fusion process in all observed cases ([Figure 1D](#fig1){ref-type="fig"}). Thus, thin arc precursors fuse with each other during centripetal flow to generate thicker actomyosin bundles, where the periodic α-actinin --- myosin II pattern is retained.

Transverse arc fusion is accompanied by increased contractility of actomyosin bundles and alignment of distal focal adhesions {#s2-2}
-----------------------------------------------------------------------------------------------------------------------------

Traction force microscopy was applied to examine whether arc fusion during centripetal flow is accompanied by changes in their contractility. These experiments revealed that thick ventral stress fibers exhibit stronger traction forces to focal adhesions as compared to forces applied by dorsal stress fibers ([Figure 2A and B](#fig2){ref-type="fig"}), similarly to what was recently demonstrated with model-based traction force microscopy by [@bib65]. Furthermore, spacing between individual CaP-3 foci, which co-localize with α-actinin in stress fibers ([@bib62]), decreased as the arcs flowed towards the cell center and become thicker as detected both from several fixed samples and live-cell imaging experiments (representative examples are shown [Figure 1---figure supplement 1C and D](#fig1s1){ref-type="fig"}). This correlates well with the increased contractility of the structures ([@bib2]).10.7554/eLife.06126.005Figure 2.Vectorial actin polymerization at focal adhesions halts upon increased contractility and formation of ventral stress fibers.(****A****) Representative images of U2OS cells grown on 26 kPa polyacrylamide dishes with fluorescent nanobeads together with the corresponding force maps. Adhesions located at the ends of ventral stress fibers (orange arrowheads) apply stronger forces to their substrate compared to adhesions located at the ends of dorsal stress fibers (red arrowheads). Bar, 10 um. (****B****) Quantification of traction forces at adhesions located in the ends of dorsal and ventral stress fiber adhesions. Mean +/- SEM, n = 20 cells, 4--8 adhesions per cell. (****C****) Recovery of GFP-actin signal was measured next to dorsal stress fiber adhesions (dsf FA, red box) and ventral stress fiber adhesions (vsf FA, yellow box). Bar, 5 um. (****D****) Representative example of a fluorescence-recovery-after-photobleaching (FRAP) experiment performed on a GFP-actin expressing cell at a ventral stress fiber (vsf) region close to a focal adhesion. Yellow box indicates the photobleached region and the orange arrowhead the distal end of the ventral stress fiber. Scale, 3 um. (****E****) Quantification of the recovery speed (μm/min) for GFP-actin from focal adhesions located at the tips of dorsal stress fibers (dsf) or ventral stress fibers (vsf). Means +/- SEM, n (dorsal stress fibers) = 11; n (ventral stress fibers) = 17. (**F**) Activation of PA-GFP-actin in focal adhesions is followed by centripetal flow of photoactivated actin along the dorsal stress fiber. In contrast, PA-GFP-actin activated at a focal adhesion located at the tip of ventral stress fiber does not distribute from the adhesion to the stress fiber. Activated PA-GFP-actin is in green, focal adhesion marker mCherry-zyxin in red and the yellow dashed lines show the borders of the photoactivated region. Bar, 2,5 μm.**DOI:** [http://dx.doi.org/10.7554/eLife.06126.005](10.7554/eLife.06126.005)10.7554/eLife.06126.006Figure 2---figure supplement 1.Alignment of focal adhesions linked to the ends of transverse arcs.(****A****) Thick actomyosin bundles derived through arc fusion apply tension to focal adhesions leading to enlargement and alignment of those focal adhesions that are linked to the ends of the actomyosin bundle through dorsal stress fibers. Eventually, this results in a formation of a straight ventral stress fiber, where the focal adhesions are aligned along the direction of the actomyosin bundle. Focal adhesions and stress fibers were visualized by expression of GFP-paxillin and mCherry-actin, respectively. The two 'terminal' focal adhesions, whose alignments during the process are shown in the insets, are indicated by red arrowheads in the larger cell frames. Bars, 10 μm. (**B**) Fusion of transverse arcs into thicker actomyosin structures correlates with the alignment of the 'terminal' focal adhesions along the direction of the arc bundle. Stress fibers were visualized by expression of GFP-CaP3. Bar, 5 μm.**DOI:** [http://dx.doi.org/10.7554/eLife.06126.006](10.7554/eLife.06126.006)10.7554/eLife.06126.007Figure 2---figure supplement 2.Actin dynamics in focal adhesions located at the tips of dorsal and ventral stress fibers.The dynamics of GFP-actin in focal adhesions of U2OS cells were examined by fluorescence recovery after photobleaching (FRAP). Recovery curves with mean +/- SD are shown. n (dorsal stress fiber adhesions) = 11; n (ventral stress fiber adhesion) = 12.**DOI:** [http://dx.doi.org/10.7554/eLife.06126.007](10.7554/eLife.06126.007)10.7554/eLife.06126.008Figure 2---figure supplement 3.Inhibition of myosin light chain phosphorylation results in formation of abnormally long dorsal stress fibers.(****A****) Examples of a control U2OS cell and a cell incubated for 2 h with ROCK kinase inhibitor, Y27632. This inhibitor results in an abnormal morphology of transverse arcs or their total disapparance. Y27632 --treated cells also contain fewer dorsal stress fibers, which appear abnormally long and thin. Red arrowheads indicate dorsal stress fibers. Bar, 10 μm. (**B**) Quantification of the lengths of dorsal stress fibers in control and Y27632 -treated cells. Mean lengths (+/- SD) of dorsal stress fibers from 20 cells is shown. (****C****) Inhibition of myosin light chain kinase (MLCK) by ML-7 leads to a loss of transverse arcs and concomitant defects in formation of ventral stress fibers. Bar, 10 μm. (****D****) Dorsal stress fibers are abnormally long in ML-7 treated cells. Mean length (+/**-** SD) of 55 dorsal stress fibers measured from control and ML-7 treated cells.**DOI:** [http://dx.doi.org/10.7554/eLife.06126.008](10.7554/eLife.06126.008)10.7554/eLife.06126.009Figure 2---figure supplement 4.Expression of dominant inactive Rif leads to abnormal elongation of dorsal stress fibers.(**A**) Video frames from a U2OS cells expressing GFP-actin alone (right panel) or GFP-actin and Rif-TN. In control cells, ventral stress fibers (yellow arrowhead) are generated through fusion of relatively short dorsal stress fibers (red arrows) and transverse arcs. Rif-TN expressing cells lack transverse arcs and concomitant formation of ventral stress fibers. Importantly, dorsal stress fibers in Rif-TN expressing cells are abnormally long and continue elongating through the observation period. Bar, 10 μm. (****B****) Images of phalloidin stained control and Rif-TN expressing cells. Dorsal stress fibers are indicated by red arrowheads. (****C****) Quantification of the lengths of dorsal stress fibers length from 20 control and Rif-TN expressing cells. Mean lengths of the dorsal stress fibers (+/**-** SEM) are shown.**DOI:** [http://dx.doi.org/10.7554/eLife.06126.009](10.7554/eLife.06126.009)

Transverse arcs are typically connected to several focal adhesion-attached dorsal stress fibers along their length ([@bib32]). To elucidate how increased contractility of arcs affects the associated focal adhesions, we examined possible changes in adhesion alignment during the arc maturation process. These experiments revealed that the 'distal' focal adhesions, linked via dorsal stress fibers to the ends of the arc, turned and aligned along the direction of arc. In contrast, focal adhesions linked to the central region of the arc did not display similar alignment during the process. Alignment of 'distal' focal adhesions correlated with arc fusion, and was accompanied by enlargement of adhesions ([Figure 2---figure supplement 1A and B](#fig2s1){ref-type="fig"}). Thus, arc fusion during centripetal flow correlates with their increased contractility, consequent enlargement of distal focal adhesions and their alignment along the direction of the actomyosin bundle. Eventually, this leads to formation of a directed ventral stress fiber, containing one properly aligned large focal adhesion at its both ends.

Tension provided by myosin II inhibits vectorial actin polymerization at focal adhesions {#s2-3}
----------------------------------------------------------------------------------------

Dorsal stress fibers elongate through actin polymerization at focal adhesions. In U2OS cells, this 'vectorial' actin polymerization promotes elongation of the actin filament bundle with a rate of ∼0.25 μm/min ([@bib32]). In addition, focal adhesions may contain other actin filament populations that are not directly associated with vectorial actin polymerization and consequent elongation of dorsal stress fibers. This is because several tropomyosin isoforms, which are likely to decorate distinct actin filament populations, localize to focal adhesions ([@bib68]) and because several proteins involved in actin polymerization regulate actin dynamics at focal adhesions (e.g. [@bib32]; [@bib61]). Furthermore, FRAP experiments performed at focal adhesions show rapid, uniform recovery of GFP-actin fluorescence ([Videos 1](#media1){ref-type="other"} and [2](#media2){ref-type="other"}; [Figure 2---figure supplement 2](#fig2s2){ref-type="fig"}), whereas FRAP experiments performed at dorsal stress fiber regions below focal adhesions exhibit treadmilling-like recovery that is indicative of vectorial actin polymerization ([@bib32]; [@bib67]).Video 1.Fluoresence recovery after photobleaching (FRAP) of GFP-actin at dorsal stress fiber-associated focal adhesions (FAs).GFP-actin at FAs of dorsal stress fibers were bleached with 100% laser power of 488 laser line for 1 ms. Signal of GFP-actin displayed relatively uniform recovery at the site of focal adhesion. Duration of the movie is 8,5 min and the display rate is 10 frames/second.**DOI:** [http://dx.doi.org/10.7554/eLife.06126.010](10.7554/eLife.06126.010)10.7554/eLife.06126.010Video 2.Fluoresence recovery after photobleaching (FRAP) of GFP-actin at ventral stress fiber-associated focal adhesions (FAs).GFP-actin at FAs of dorsal stress fibers were bleached with 100% laser power of 488 laser line for 1 ms. Signal of GFP-actin displayed relatively uniform recovery at the site of focal adhesion. Duration of the movie is 8,5 min and the display rate is 10 frames/second.**DOI:** [http://dx.doi.org/10.7554/eLife.06126.011](10.7554/eLife.06126.011)10.7554/eLife.06126.011

Because contractility promotes focal adhesion enlargement and alignment during maturation of arcs to ventral stress fibers, we examined whether this process would be accompanied by alterations in vectorial actin polymerization at focal adhesions. Fluorescence-recovery-after-photobleaching (FRAP) was first applied to visualize the recovery of GFP-actin signal within actin filament bundles of dorsal and ventral stress fibers. Region of interest was chosen beneath focal adhesions to exclude other focal adhesion associated actin filament populations that are not directly involved in vectorial actin polymerization and elongation of stress fibers. As previously reported, elongation of a bright actin filament bundle (with a rate of ∼0,26 μm/min) from focal adhesions located at the distal ends of dorsal stress fibers was observed ([@bib32]). Importantly, when a FRAP analysis was performed on a corresponding ventral stress fiber region, only very slow elongation (∼0,02 μm/min) of a bright actin filament bundle from the adhesion was observed. Instead, we mainly detected recovery of GFP-actin fluorescence evenly along the photobleached region ([Figure 2C-E](#fig2){ref-type="fig"}). As an alternative approach, we utilized photoactivatable (PA)-GFP-actin to follow its incorporation into dorsal and ventral stress fibers. In both cases, significant fraction of activated PA-GFP-actin remained at/close to focal adhesions, probably corresponding to actin filament pools associated with focal adhesions ([@bib68]). Importantly, PA-GFP-actin displayed centripetal flow along the actin filament bundle from focal adhesions in dorsal stress fibers, while similar flow of PA-GFP-actin was not detected from focal adhesions located at the tips of ventral stress fibers ([Figure 2F](#fig2){ref-type="fig"}). Therefore, in contrast to dorsal stress fibers, ventral stress fibers do not elongate through vectorial actin polymerization at focal adhesions.

To elucidate whether inhibition of vectorial actin polymerization in focal adhesions at the tips of ventral stress fibers is dependent on tension applied by myosin II, we examined the morphology of the stress fiber network in cells treated with myosin light chain kinase (MLCK) inhibitor ML-7. This compound induced rapid disassembly of most contractile ventral stress fibers and transverse arcs, without affecting integrity of non-contractile dorsal stress fibers ([Figure 2---figure supplement 3C](#fig2s3){ref-type="fig"}). Importantly, dorsal stress fibers in cells treated for 2 h with ML-7 were ∼1.5 times longer compared to the ones in control cells ([Figure 2---figure supplement 2D](#fig2s2){ref-type="fig"}). Similarly, disruption of contractile stress fibers by ROCK inhibitor, Y27632, or by over-expression of dominant inactive Rif GTPase (Rif-TN), which prevents assembly of contractile arcs ([@bib68]), led to formation of abnormally long dorsal stress fibers ([Figure 2---figure supplement 3A and B](#fig2s3){ref-type="fig"}, and [Figure 2---figure supplement 4](#fig2s4){ref-type="fig"}). Importantly, live-imaging of GFP-actin expressing cells revealed that the abnormally long dorsal stress in Rif-TN transfected cells continued to elongate throughout the entire observation period. During their uncontrolled elongation, the dorsal stress fibers of Rif-TN expressing cells occasionally bent or fused with another elongating dorsal stress fiber initiated from the opposite side of the cell ([Figure 2---figure supplement 4A](#fig2s4){ref-type="fig"}; [Videos 3](#media3){ref-type="other"} and [4](#media4){ref-type="other"}).Video 3.Control movie on stress fiber dynamics in GFP-actin expressing U2OS cell.U2OS cells were transfected with GFP-actin 24 hr before imaging. Images were acquired every 15 s. Display rate is 15 frames/second and total duration is 73,3 min.**DOI:** [http://dx.doi.org/10.7554/eLife.06126.012](10.7554/eLife.06126.012)10.7554/eLife.06126.012Video 4.Expression of dominant-inactive Rif causes uncontrolled dorsal stress fiber elongation.U2OS cells were transfected with Rif-TN and GFP-actin 24 hr prior to imaging. Loss of proper contractile structures due to Rif-TN expression causes abnormal elongation of the dorsal stress fibers as visualized by GFP-actin. Images were acquired every 15 s. Display rate is 15 frames/s, total video duration 53,5 min.**DOI:** [http://dx.doi.org/10.7554/eLife.06126.013](10.7554/eLife.06126.013)10.7554/eLife.06126.013

To more directly test the role of myosin II-derived tension in stress fiber elongation, we examined whether local relaxation of contractile ventral stress fibers could re-induce vectorial actin polymerization at focal adhesions. Thus, we applied pointed laser ablation on ventral stress fibers (see [Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}) followed by a similar FRAP assay as shown in [Figure 2D](#fig2){ref-type="fig"}. Whereas vectorial actin polymerization in intact contractile fibers was very slow (∼0,02 μm/min), ablated ventral stress fibers displayed approximately 10-fold higher rate of vectorial actin polymerization (∼0,23 μm/min), which is comparable to the one of dorsal stress fibers ([Figure 3A and B](#fig3){ref-type="fig"}, and data not shown). Importantly, also photoactivation experiments on PA-GFP-actin expressing cells demonstrated specific elongation of laser ablated ventral stress fibers and lack of vectorial actin polymerization at the focal adhesions located at the ends of non-ablated ventral stress fibers within the same cell ([Figure 3C and D](#fig3){ref-type="fig"}).10.7554/eLife.06126.014Figure 3.Local relaxation of ventral stress fibers induces vectorial actin polymerization at focal adhesion.(**A**) The effect of tension on actin polymerization at focal adhesions was monitored by fluorescence recovery after photobleaching (FRAP) in laser-ablated (indicated by red box/arrowhead) and intact ventral stress fibers (indicated by yellow box/arrowhead). FRAP experiment was initiated 10 seconds after ablation. Symbol (¤) indicates the ablation site. (****B****) Kymographs recorded along the center of ablated and non-ablated ventral stress fiber regions (shown in the red and yellow boxes to the left from the kymograps) reveal that non-ablated and ablated fibers display differences in actin dynamics. In contractile control fibers, the rate of vectorial actin polymerization is slow (0,023 μm/min +/- 0,007 μm/min; SEM; n = 17), whereas relaxation induces vectorial actin polymerization from the adhesion located at the end of ablated ventral stress fiber (0,257 μm/min +/- 0,035 μm/min; SEM; n = 12). See also [Figure 7B](#fig7){ref-type="fig"} for a graphical representation of the data. (****C****) Photoactivation of GFP-PA-actin in contractile (yellow box) and relaxed (red box) ventral stress fibers. (**D**) Kymograph analysis performed along the center of indicated ventral stress fiber regions (shown in yellow and red boxes to the left from the kymographs) demonstrate induction of vectorial actin polymerization at the focal adhesion located in the end of an ablated ventral stress fiber. However, no detectable vectorial actin polymerization occurred in the non-ablated ventral stress fiber. Photoactivation was performed 10 s after ablation of the contractile stress fiber. Bars, 10 μm.**DOI:** [http://dx.doi.org/10.7554/eLife.06126.014](10.7554/eLife.06126.014)10.7554/eLife.06126.015Figure 3---figure supplement 1.Method for laser ablation of ventral stress fibers.Ablation of contractile stress fibers was achieved by using full laser power of 405 laser line (3I Marianas microscope) for 3 x 200 ms pulses. Symbol (¤) indicates ablation sites. Breakage of the fibers was confirmed by following retraction of mCherry-actin bundle with 561 channel for 10 seconds (**A**) or by immediate recruitment of a repair protein zyxin to the ablation site (**B**). Bar, 10 um. (**C**) Ablation of a ventral stress fiber leads to an immediate decrease in cell-mediated forces at focal adhesions located at the tips of the stress fiber. A representative example is shown in the figure, and quantification of the data from six adhesions at the ends of ablated stress fibers from three different cells revealed 27,3 +/- 7,0 (SD)% decrease in tension at the area around focal adhesions. Traction forces were measured both before, and 0,5 seconds after ablation. Bar, 10 um.**DOI:** [http://dx.doi.org/10.7554/eLife.06126.015](10.7554/eLife.06126.015)

These data demonstrate that vectorial actin filament assembly, which promotes elongation of dorsal stress fibers, is inhibited in focal adhesions located at the tips of contractile ventral stress fibers. Furthermore, laser ablation experiments as well as assays with MLCK and ROCK inhibitors, and dominant inactive Rif provide evidence that tension applied by myosin II--mediated contractility is important for inhibition of vectorial actin polymerization at focal adhesions located at the ends of ventral stress fibers.

Actin polymerization in focal adhesions is controlled by phosphorylation of VASP {#s2-4}
--------------------------------------------------------------------------------

Two proteins promoting actin filament elongation, Dia1 formin and vasodilator-stimulated phosphoprotein (VASP), have been linked to actin polymerization in focal adhesions ([@bib32]; [@bib47]; [@bib71]; [@bib24]; [Figure 4---figure supplement 1A and B](#fig4s1){ref-type="fig"}). Because from these proteins only VASP, and its family members Mena and Evl, accumulate to focal adhesions ([@bib52]; [@bib26]; [@bib40]; [@bib30]), we focused on examining the possible role of VASP in tension-controlled actin filament assembly in focal adhesions. Previous studies demonstrated zyxin-mediated recruitment of VASP to the sites of stress fiber repair and remodelling ([@bib64]; [@bib31]) and mechanosensitive recruitment of VASP to epithelial zonula adherens ([@bib41]). However, whether the activity of VASP within adhesions can be regulated through tension has not been reported.

Immunofluorescence microscopy revealed that VASP localizes to focal adhesions located at the tips of both dorsal and ventral stress fibers ([Figure 4A and B](#fig4){ref-type="fig"}). Therefore, regulation of VASP localization does not offer an explanation for the lack of vectorial actin polymerization at the tips of ventral stress fibers. Interestingly, previous work demonstrated that phosphorylation of specific residues (Ser239 and Thr278) of VASP inhibit its actin filament binding and polymerization activities ([@bib27]; [@bib4]; [Figure 4C](#fig4){ref-type="fig"}). To study the possible role of VASP phosphorylation in actin filament assembly at focal adhesions, we first examined the localization of phosphorylated VASP in U2OS cells. From several VASP phospho-Ser239/Thr278 antibodies tested, only 16C2 (Millipore) worked in immunofluorescence experiments. Although the signal with this antibody was weak, it specifically stained focal adhesions located at the tips of ventral stress fibers, whereas enrichment of phospho-Ser239 VASP to adhesions at the tips of dorsal stress fibers was not detected ([Figure 4D, E and F](#fig4){ref-type="fig"}). To confirm this result by an alternative approach, we examined by Western blotting phospho-Ser239 and phospho-Thr278 VASP levels in control cells and in cells where the assembly of contractile ventral stress fibers was stimulated or inhibited by over-expression of dominant active RhoA or by plating cells on compliant matrix, respectively. In line with the data presented above, both phospo-Ser239 ([Figure 4G and H](#fig4){ref-type="fig"}) and phospho-Thr278 (data not shown) levels were \>2-fold elevated in the cell population transfected with a construct expressing dominant active RhoA, whereas phospo-Ser239 levels were ∼5-fold diminished in cells plated on soft matrix and unable to form contractile ventral stress fibers ([Figure 4I and J](#fig4){ref-type="fig"}). Thus, VASP phosphorylation in focal adhesions correlates with increased contractility of stress fibers.10.7554/eLife.06126.016Figure 4.Increased VASP phosphorylation in focal adhesions located at the tips of ventral stress fibers.(****A****) VASP localizes to focal adhesions at the tips of both dorsal and ventral stress fibers. Focal adhesions positioned at the tips of dorsal (dsf FA) and ventral stress fibers (vsf FA) are indicated by red and orange arrowheads, respectively. Bar, 10 μm. (****B****) Line profile intensity graphs of the adhesions (highlighted in panel A) and adjacent stress fiber regions show similar localizations of VASP and vinculin in focal adhesions positioned at the tips of dorsal and ventral stress fibers. (****C****) The domain structure of VASP. Phosphorylation of VASP at Ser239 and Thr278 inhibits its actin polymerization activity. (****D****) Localization of phospho-Ser239 VASP in focal adhesions at the tips of dorsal (red arrowheads) and ventral stress fibers (orange arrowheads). Bar, 5 μm. (****E****) Line profile intensities along the yellow lines (indicated in panel D) demonstrating that phospho-Ser239 VASP is enriched at the tips of ventral stress fibers, but not at the tips of dorsal stress fibers. phospho-Ser239-VASP--red; actin-green (****F****) Quantification of the relative fluorescence intensity ratio of phospho-Ser239-VASP: total VASP in focal adhesions located at the tips of dorsal (dsf FAs) and ventral (vsf FAs) stress fibers. The obtained intensity value from ventral stress fibers was set to 1. Mean intensity values (+/- SEM) of 21 adhesions are shown. (**G**) Western blot analysis demonstrating that expression of dominant active Rho-14V expression leads to an increase in the total Ser239 phosphorylation levels of VASP. (****H****) Quantification of the relative phospho-Ser239-VASP: total VASP ratios in control and Rho-14V transfected cells. The ratio in control cells was set to 1 and the mean values (**+/-** SEM) from three separate experiments are shown. (****I****) Western blot analysis demonstrating increased phospho-Ser239-VASP levels in cells grown on stiff (64 kPa) martix compared to cells grown on compliant (0.5 kPa) matrix. (**J**) Quantification of the relative phospho-Ser239-VASP: total VASP ratios in cells grown on soft (0.5 kPa) or rigid (64 kPa) matrices. The phospho-Ser239-VASP: total VASP ratio in cells from stiff matrix was set to 1 and the mean values (**+/-** SEM) from three separate experiments are shown.**DOI:** [http://dx.doi.org/10.7554/eLife.06126.016](10.7554/eLife.06126.016)10.7554/eLife.06126.017Figure 4---figure supplement 1.VASP regulates the elongation of dorsal stress fibers.(**A**) Depletion of VASP from U2OS cells by siRNA leads to loss of dorsal stress fibers (examples indicated by red arrowheads in the control cell), but these cells still contain focal adhesions and ventral stress fibers (examples are indicated by orange arrowheads in the VASP-depleted and control cell). However, the ventral stress fibers are abnormally aligned in VASP knockdown cells. The cells were stained with VASP antibody, vinculin antibody (to visualize focal adhesions) and phalloidin (to visualize F-actin). The VASP depleted cell is surrounded by a dashed line. Bar, 10 μm. (**B**) VASP depleted cells still exhibit ventral stress fibers, but they are predominantly poorly aligned and form abnormal clusters (orange arrowheads). Time-lapse frames from a movie of VASP-depleted U2OS cell expressing GFP-actin also demonstrate that in the absence of VASP (and visible dorsal stress fibers), ventral stress fibers (orange arrowheads) form from transverse arcs very close to the lamellipodium. Bar, 10 μm. (**C**) Over-expression of constitutively active (Ser239Ala;Thr278Ala) VASP affects elongation of stress fibers and often leads to a formation of abnormally curly actin filament bundles (visualized by phalloidin staining). Bar, 10 μm.**DOI:** [http://dx.doi.org/10.7554/eLife.06126.017](10.7554/eLife.06126.017)

VASP phosphorylation at Ser239 and Thr278 is regulated by cAMP- and cGMP dependent protein kinases PKA and PKG as well as by AMP-activated Protein Kinase (AMPK) ([@bib13]; [@bib6]). To elucidate the possible role of VASP phosphorylation in controlling actin polymerization in focal adhesions, we examined the effects of PKA, PKG and AMPK inhibitors (KT5720, DT-2, compound C and KT5823) on the organization of the stress fiber network. As AMPK inhibitors, compound C and KT5823, had most pronounced effects on the elongation of stress fiber precursors, we decided to focus on AMPK rather than PKA and PKG in this study.

Both of compound C and KT5823 inhibited VASP phosphorylation at Ser239 and Thr278 ([Figure 5C](#fig5){ref-type="fig"}). Importantly, incubation of U2OS cells for 4 hr in the presence of these inhibitors resulted in a nearly complete lack of contractile ventral stress fibers and defects in arc fusion. Furthermore, these inhibitors promoted formation of abnormally long dorsal stress fibers, which often bent at their proximal regions ([Figure 5A and B](#fig5){ref-type="fig"}). It is important to note that these inhibitor treatments also led to an increase in the total cell area that may result from the lack of contractile ventral stress fibers, which are important regulators cell morphogenesis.10.7554/eLife.06126.018Figure 5.Elongation of dorsal stress fibers is regulated by VASP phosphorylation.(**A**) U2OS cells treated with cAMPK and PKA inhibitors, compound C and KT5823, display abnormally long dorsal stress fibers (red arrows). Also fusion of arcs appears defective in compound C and KT5823 treated cells, because thick actin bundles (yellow arrowhead in the control cell) are largely absent from these cells. Actin filaments were visualized by phalloidin. Bar, 10 μm. (**B**) Quantification of dorsal stress fiber lengths (μm) from control cells and cells treated with compound C or KT5823. Mean lengths (+/**-** SEM) of 40 dorsal stress fibers from each sample are shown. (**C**) Western blot demonstrating that lysates of compound C or KT5823 -treated cells display decreased phosphorylation of VASP at Ser239 and Thr278. GADPH and total VASP were probed as loading controls. (**D**) Expression of constitutively active VASP mutant (Ser239Ala;Thr278Ala) induces formation of abnormally long dorsal stress fibers, whereas similar phenotype was not observed in wild-type VASP expressing cells. Bar, 10 μm. (**E**) Quantification of dorsal stress fiber lengths from cells expressing wild-type and Ser239Ala;Thr278Ala mutant VASP. Mean lengths (+/**-** SEM) of 55 dorsal stress fibers measured from both samples are shown.**DOI:** [http://dx.doi.org/10.7554/eLife.06126.018](10.7554/eLife.06126.018)

To confirm that the stress fiber phenotype in compound C and KT5823 --treated cells was specific to VASP, and did not result from diminished phosphorylation of other AMPK targets, morphology of the stress fiber network of U2OS cells expressing a 'constitutively active' Ser239Ala;Thr278Ala VASP mutant was examined ([@bib4]). Also Ser239Ala;Thr278Ala mutant VASP expressing cells displayed significantly longer dorsal stress fibers as compared to wild-type VASP expressing cells ([Figure 5D and E](#fig5){ref-type="fig"}). Furthermore, over-expression of Ser239Ala;Thr278Ala mutant VASP occasionally resulted in formation of 'curly' actin filament bundles ([Figure 4---figure supplement 1C](#fig4s1){ref-type="fig"}). Thus, inhibition of VASP phosphorylation at Ser239 and Thr278 results in a similar phenotype compared to the one resulting from the inhibition of contractile arc assembly through over-expression of Rif-TN (see [Figure 2---figure supplement 4](#fig2s4){ref-type="fig"}), suggesting that VASP phosphorylation has a key role in tension-controlled actin filament assembly at focal adhesions.

Conversely, activation of AMPK by AICAR ([@bib14]) leads to an increased Ser239 phosphorylation of VASP and early maturation of ventral stress fibers ([Figure 6A and B](#fig6){ref-type="fig"}). Cells exposed for 16 h to AICAR displayed shorter dorsal stress fibers compared to control cells and their ventral stress fibers were typically located close to cell perimeter ([Figure 6A](#fig6){ref-type="fig"}). This phenotype was similar to the one resulting from depletion of VASP ([Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}), suggesting that AICAR indeed affects stress fibers mainly through inducing VASP phosphorylation. Importantly, activation of AMPK and VASP phosphorylation by AICAR treatment was sufficient to induce the formation of ventral stress fibers on soft (0.5 kPa) matrix, where their formation is normally inhibited ([Figure 6C and D](#fig6){ref-type="fig"}).10.7554/eLife.06126.019Figure 6.AMPK activation leads to maturation of contractile actomyosin bundles.(**A**) U2OS cells grown on glass and treated with AMPK activator AICAR exhibited short dorsal stress fibers. Ventral stress fibers were typically localized close to cell edges, indicating early maturation of the contractile actomyosin bundles compared to control cells. (**B**) Western blot analysis of the corresponding samples showed elevation of Ser239-P-VASP in AICAR treated cells. A representative Western blot and quantification of three separate experiments (mean +/- SEM) are shown. (**C**) Activation of AMPK bypasses the need for stiff substrata in ventral stress fiber formation. U2OS cells grown on soft (0.5 kPa) matrix do not typically contain contractile ventral stress fibers, but their formation on soft matrix can be induced by AICAR. (**D**) Quantification of the amount of cells (%) containing ventral stress fibers. For each condition, 50--70 cells were analysed and the data are presented as mean +/- SEM.**DOI:** [http://dx.doi.org/10.7554/eLife.06126.019](10.7554/eLife.06126.019)

To directly test the role of VASP in mechanosensitive actin filament assembly at focal adhesions, we performed photoablation experiments on VASP knockdown cells, and applied FRAP to compare the vectorial actin polymerization rates of ventral stress fibers in control vs. VASP-depleted cells. These experiments revealed approximately 3-fold decrease in ablation-induced vectorial actin polymerization at the tips of ventral stress fibers in VASP knockdown cells compared to control cells ([Figure 7](#fig7){ref-type="fig"}), demonstrating that VASP is indeed important for mechanosensitive actin filament assembly in focal adhesion. Together, these results provide evidence that AMPK-mediated phosphorylation of VASP is essential for tension-sensitive inhibition of vectorial actin filament assembly at focal adhesions, and consequent formation and stabilization of ventral stress fibers.10.7554/eLife.06126.020Figure 7.VASP-depletion leads to a decrease in tension-sensitive actin polymerization at focal adhesions.(**A**) Actin polymerization at focal adhesions was monitored by fluorescence recovery after photobleaching (FRAP) in laser-ablated ventral stress fibers of control cells and VASP knockdown cells. FRAP experiments were initiated 10 seconds after ablation. Yellow arrowheads indicate the ablation sites and red boxes the regions of stress fibers that were followed for vectorial actin polymerization. Kymographs on the right were recorded along the center of the ablated ventral stress fibers. Release of tension induces vectorial actin polymerization from the adhesion located at the end of an ablated ventral stress fiber in a control cell, whereas the rate of vectorial actin polymerization was slower in an ablated ventral stress fiber in a VASP-depleted cell. Bar, 10 um. (**B**) Quantification of vectorial actin polymerization rates in intact ventral stress fibers, in ablated ventral stress fibers of control cells, and in ablated ventral stress fibers of VASP-depleted cells. Mean +/- SEM is shown; n (intact ventral stress fibers) = 17; n (ablated ventral stress fibers) = 12; n (ablated ventral stress fibers from VASP knockdown cells) = 17.**DOI:** [http://dx.doi.org/10.7554/eLife.06126.020](10.7554/eLife.06126.020)

ADF/cofilin-mediated disassembly of non-contractile actin filament bundles is important for maturation of ventral stress fibers {#s2-5}
-------------------------------------------------------------------------------------------------------------------------------

Maturing arcs are typically connected to several dorsal stress fibers and focal adhesions, but only the ones located at the ends of the arc bundle are used for the formation of a ventral stress fiber ([Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}). To gain insight into the fate of other arc-associated dorsal stress fibers and focal adhesions, we performed live-imaging of cells expressing GFP-zyxin and mCherry-actin. Focal adhesions connected to the ends of arcs elongated during maturation of arcs into a ventral stress fiber, whereas adhesions associated with the central region of the arc through dorsal stress fibers diminished in size and eventually disappeared ([Figure 8---figure supplement 1](#fig8s1){ref-type="fig"}). To reveal what happens to those dorsal stress fibers, which are located at the 'unstable zone' at the central region of the leading edge (see [Figure 8D](#fig8){ref-type="fig"}), we followed the stress fiber network in cells expressing GFP-actin. These experiments revealed that dorsal stress fibers, oriented perpendicularly to the contractile arc, sense weaker myosin II -generated tension and disassemble during stress fiber maturation process ([Figure 8A and C](#fig8){ref-type="fig"}). Furthermore, those dorsal stress fiber regions, which reach beyond the contractile arc/ventral stress fiber, disassemble during the process ([Figure 8B](#fig8){ref-type="fig"}).10.7554/eLife.06126.021Figure 8.Dorsal stress fibers exhibit different lifespans depending on their interactions with the actomyosin network.(**A**) Individual frames from a representative movie of GFP-actin expressing cell demonstrating the disassembly of non-contractile dorsal stress fibers located at the 'unstable' zone. Bar, 5 μm. (**B**) Frames from a movie of GFP-actin expressing cell displaying the disassembly of the non-contractile dorsal stress fiber region extending beyond the contractile transverse arc. Bar, 5 μm. (**C**) Quantification of the stability of dorsal stress fibers at different cell regions revealed that these actin bundles are more stable at the sides of the leading edge as compared to the central region of the leading edge. Amount of dorsal stress fibers (%), remaining after 30 min follow-up, is shown (mean +/- SD), n = 5 cells, 8--20 fibers per cell were analysed. (**D**) Representation of the 'unstable' and 'stable' dorsal stress fiber zones in U2OS cells.**DOI:** [http://dx.doi.org/10.7554/eLife.06126.021](10.7554/eLife.06126.021)10.7554/eLife.06126.022Figure 8---figure supplement 1.Enlargement and lifespan of focal adhesions depends on their location in migrating cells.(**A**) Dorsal stress fiber-attached focal adhesions on the sides of a migrating cell (orange arrowheads) become more prominent in size and participate in formation of contractile ventral stress fibers. In contrast, dorsal stress fibers and focal adhesions in the central region of the leading edge (red arrowheads), which do not participate in the formation of ventral stress fibers, diminish in size and eventually disappear. Image frames are from movies of U2OS cells expressing GFP-actin and CFP-zyxin. Bar, 10 um. (**B**) Quantification of the areas of individual focal adhesions (fold change in comparison to the initial area of the adhesion) located at the tips of dorsal stress fibers and maturing ventral stress fibers. Cells were imaged for one hour and the mean values (+/**-** SD) of focal adhesions from 7 cells are shown.**DOI:** [http://dx.doi.org/10.7554/eLife.06126.022](10.7554/eLife.06126.022)

Actin depolymerizing factor (ADF)/cofilin proteins are essential regulators of F-actin disassembly in all eukaryotic cells ([@bib50]). Interestingly, ADF/cofilins were recently shown to preferentially bind and disassemble flexible actin filaments in vitro. ADF/cofilins did not localize to contractile stress fibers in intact cells, but translocated to stress fibers when pre-stretched elastic substratum was relaxed ([@bib28]). Furthermore, ADF/cofilins affect the actin filament bending mechanics ([@bib43]; [@bib23]). Thus, we examined whether ADF/cofilins could be responsible for specific disassembly of those dorsal stress fibers that are not under tension in migrating U2OS cells. The major ADF/cofilin isoform, cofilin-1, is highly abundant protein in non-muscle cells where it displays mainly diffuse cytoplasmic localization. Interestingly, endogenous cofilin-1 and flag-tagged cofilin-1 also localized to dorsal stress fibers in U2OS cells, whereas contractile ventral stress fibers and thick arcs did not exhibit detectable enrichment of cofilin-1 ([Figure 9A and B](#fig9){ref-type="fig"}; [Figure 9---figure supplement 1A, B and C](#fig9s1){ref-type="fig"}). Furthermore, cofilin-1 localized to the 'curly' actin filament bundles that were occasionally present in cells over-expressing Ser239Ala;Thr278Ala mutant VASP ([Figure 9---figure supplement 1D](#fig9s1){ref-type="fig"}). These bundles contain myosin II, but exert defective contractile properties as detected by live cell imaging (data not shown). Thus, cofilin-1 appears to localize specifically to dorsal stress fibers and other non-contractile actin bundles in U2OS cells.10.7554/eLife.06126.023Figure 9.Cofilin-1 promotes disassembly of non-contractile dorsal stress fibers.(**A**) Endogenous cofilin-1 localizes to dorsal stress fibers (red arrowheads) but it is absent from contractile arcs (yellow arrowheads) as shown by phalloidin and anti-cofilin-1 staining of a U2OS cell treated with Triton-X 100 prior to PFA fixation. Bar, 10 μm. (**B**) Line intensity profiles show incorporation of cofilin-1 into dorsal stress fibers (dsf) but not to the contractile ventral stress fibers (vsf). Cofilin (green); Actin (red). (**C**) Depletion of cofilin-1 leads to an appearance of abnormally long dorsal stress fibers and defects in the fusion of transverse arcs. Bar, 10 μm. (**D**) Quantification of the lengths of dorsal stress fibers (μm) in control and cofilin-1-depleted cells. Mean lengths (+/**-** SEM) of 50 dorsal stress fibers from control and cofilin-1 RNAi cells are displayed in the graph.**DOI:** [http://dx.doi.org/10.7554/eLife.06126.023](10.7554/eLife.06126.023)10.7554/eLife.06126.024Figure 9---figure supplement 1.Cofilin-1 localizes to dorsal stress fibers and affects their turnover.(**A**) Flag-tagged cofilin-1 localizes to non-contractile dorsal stress fibers, whereas it is absent from contractile ventral stress fibers and transverse arcs. Cofilin-1 (red) was visualized by anti-flag antibody and F-actin (green) by phalloidin staining. Bar, 10 μm. (**B**) Magnifications of a flag-tagged cofilin-1 expressing cell. The regions selected for the line intensity profiles from dorsal and ventral stress fibers are indicated by red and orange lines, respectively. (**C**) Line intensity profiles show incorporation of cofilin-1 into dorsal stress fibers (dsf) but not to the contractile ventral stress fibers (vsf). (**D**) Expression of constitutively active Ser239Ala;Thr278Ala mutant VASP leads to formation of curly actomyosin structures. Cofilin-1 localizes to these structures. (**E**) Cofilin-1-depleted cells show abnormally long and thick dorsal stress fibers as well as impaired fusion of transverse arcs into thick contractile ventral stress fibers. Stress fibers were visualized with phalloidin staining. Bar, 10 μm. (**F**) Time lapse frames from a cofilin-1-depleted U2OS cell, transfected with GFP-actin. Depletion of cofilin-1 leads to formation of abnormally stable dorsal stress fibers, which appear to prevent arc fusion, but continue to grow between adjacent arcs. Red arrowhead indicates a dorsal stress fiber and yellow brackets indicate two arcs that are not able to fuse. Bar, 5 μm.**DOI:** [http://dx.doi.org/10.7554/eLife.06126.024](10.7554/eLife.06126.024)

Depletion of cofilin-1 leads to defects in multiple actin-based structures such as lamellipodia and sites of endocytosis due to diminished filament disassembly as well as to cortical F-actin accumulation due to excessive myosin II activity (e.g. [@bib33]; [@bib60]; [@bib36]; [@bib72]). Importantly, depletion of cofilin-1 from U2OS cells resulted also in an appearance of abnormally thick and long dorsal stress fibers ([Figure 9C and D](#fig9){ref-type="fig"}; [Figure 9---figure supplement 1E](#fig9s1){ref-type="fig"}). Furthermore, fusion of arcs during their centripetal flow was diminished, leading to problems in the formation of proper ventral stress fibers ([Figure 9---figure supplement 1F](#fig9s1){ref-type="fig"}; [Video 5](#media5){ref-type="other"}). Defects in arcs fusion suggest that proper ADF/cofilin-mediated turnover of dorsal stress fibers is required for proper coalescence of dorsal stress fiber--associated arcs. Together, these data provide evidence that ADF/cofilins are important for turnover of non-contractile dorsal stress fibers, whereas contractile arcs and ventral stress fibers appear to be protected from ADF/cofilin-mediated F-actin disassembly.Video 5.Effects of cofilin-1 depletion on stress fiber dynamics.Cofilin-1 depleted U2OS cells were transfected with GFP-actin 24 h prior to imaging. Lack of cofilin-1 leads to elongated dorsal stress fibers and impairs transverse arc fusion. Images were acquired every 15 s. Display rate is 15 frames/s, total video duration 62,5 min.**DOI:** [http://dx.doi.org/10.7554/eLife.06126.025](10.7554/eLife.06126.025)10.7554/eLife.06126.025

Discussion {#s3}
==========

Ventral stress fibers play an important role in cell adhesion, morphogenesis and migration, but how these and other contractile actomyosin bundles are generated has remained elusive. Here we have revealed several new aspects concerning the mechanisms underlying the assembly of contractile ventral stress fibers. We provide evidence that: (1) Formation of ventral stress fibers from their precursors (arcs and dorsal stress fibers) is a mechanosensitive process. (2) Arcs fuse with each other during centripetal flow to form thicker and more contractile actomyosin bundles, which apply tension to focal adhesions located at their ends. (3) This tension activates AMPK-mediated phosphorylation of VASP that leads to inhibition of vectorial actin polymerization at focal adhesions. (4) AMPK-mediated VASP phosphorylation is necessary for assembly and proper alignment of contractile ventral stress fibers. Conversely, activation of AMPK can bypass the need of stiff matrix for ventral stress fiber assembly. (5) ADF/cofilin--mediated disassembly of non-contractile dorsal stress fibers is important for the proper maturation of the stress fiber network. We propose that similar mechanosensitive actin filament assembly and disassembly may have general role in formation and alignment of diverse contractile actomyosin bundles in different cell-types.

A working model for mechanosensitive assembly of contractile ventral stress fibers is presented in [Figure 10](#fig10){ref-type="fig"}. Nascent adhesions appear at the lamellipodium of migrating cell and a fraction of them matures to focal adhesions ([@bib9]; [@bib15]). Dorsal stress fibers are initiated from focal adhesions located at the leading edge of cells, and elongate through 'vectorial' actin polymerization at focal adhesions, mediated at least by VASP and Dia1 formin ([@bib32]; [@bib71]; [@bib24]). Similarly to filopodia, where VASP localizes at the tip-complex and promotes assembly of unipolar actin filament bundles, VASP at focal adhesions is expected to catalyse polymerization of an unipolar actin filament bundle towards the cell center. Elongating dorsal stress fibers associate with multiple myosin II containing arcs, which are derived from the lamellipodial actin structures ([Figure 10A](#fig10){ref-type="fig"}). During centripetal flow of this spider-net like structure, arcs fuse with each other to generate a thicker, more contractile bundle ([Figure 10B and C](#fig10){ref-type="fig"}). As a result, those focal adhesions that are attached via dorsal stress fibers to the ends of the contractile arc sense strong myosin II-generated tension, leading to their enlargement and turning along the direction of the arc. In support to this, ventral stress fibers apply strong traction forces to the substrate through their terminally located focal adhesions ([Figure 2](#fig2){ref-type="fig"} and [@bib45]). Moreover, tension-mediated maturation of terminal focal adhesions leads to inhibition of vectorial actin polymerization, which is at least partially mediated by phosphorylation of VASP ([Figure 10C](#fig10){ref-type="fig"}). However, because VASP-depletion did not result in a compete inhibition of vectorial actin polymerization after releasing the tension in ventral stress fibers ([Figure 7](#fig7){ref-type="fig"}), other proteins are also likely to contribute to vectorial actin polymerization at focal adhesions. It is also important to note that, although the actin polymerization activity of VASP is inhibited at focal adhesions under high tension, VASP protein is still present in that location. Thus, VASP may contribute to integrity of the adhesions at the tips of ventral stress fibers through its other activities, including actin filament bundling ([@bib3]). Furthermore, VASP phosphorylation is not expected to inhibit all actin dynamics in focal adhesions, because VASP appears to specifically contribute to vectorial actin polymerization at focal adhesions, whereas other proteins such as formins may promote the turnover of other focal adhesion-associated actin filament populations.

Importantly, inhibition of vectorial actin polymerization is essential for proper alignment and contractility of the ventral stress fiber, because continuous elongation of the actin filament bundle from focal adhesions would counteract myosin II-driven shortening of the actomyosin bundle. Finally, we propose that mechanosensitive binding of cofilin-1 to those dorsal stress fibers and dorsal stress fiber regions, which are not under myosin II-applied tension, leads to disassembly of these 'non-productive' regions of the stress fiber network. Consequently, the focal adhesions located at the distal ends of 'central' dorsal stress fibers, which are oriented perpendicularly to the contractile arcs and hence do not sense strong myosin II--derived tension, diminish in size and disappear. On the other hand, contractile arcs and mature ventral stress fibers are protected from ADF/cofilin-mediated actin filament disassembly ([Figure 10D and E](#fig10){ref-type="fig"}). Consistent with this model, dorsal stress fibers and arcs form in cells grown on soft substrata, whereas contractile ventral stress fibers fail to assemble in compliant matrix ([Figure 1A](#fig1){ref-type="fig"}).

Focal adhesions are mechanosensitive structures (e.g. [@bib34]). Their maturation from nascent adhesions and maintenance require relatively small forces that can be generated by retrograde actin flow without myosin II-driven contractility ([@bib47]; [@bib66]). However, focal adhesions mature into larger, elongated adhesions under stronger, myosin II-derived tension ([@bib25]). Myosin II -generated force also affects the protein composition and dynamics in focal adhesions ([@bib39]; [@bib57]; [@bib73]). Here, we provide evidence that vectorial actin polymerization, which drives elongation of stress fibers, is strictly controlled in focal adhesions. Thus, different force regimes seem to have distinct effects on actin dynamics and molecular composition of focal adhesions. While weak forces exerted by retrograde actin flow appear to be required for VASP recruitment and to promote vectorial actin polymerization at focal adhesions, stronger force applied by contractility of the myosin II-containing ventral stress fiber efficiently inhibits actin polymerization at focal adhesions. Importantly, during this process VASP is phosphorylated by AMPK, whose activity at least in muscle cells can be controlled by tension through a currently uncharacterized mechanism ([@bib5]). It is likely that activities or localizations of additional actin-polymerization associated proteins in focal adhesions are regulated by contractility. Indeed, an interaction partner of VASP, palladin ([@bib24]), as well as tropomyosins Tm1 and Tm5NM1 ([Figure 10---figure supplement 1](#fig10s1){ref-type="fig"}) are enriched in focal adhesions located at the tips of dorsal stress fibers, but absent from adhesions at the tips of ventral stress fibers. Furthermore, formins contribute to actin filament nucleation and/or processive polymerization in focal adhesions, and it is likely that also their activities are regulated during this process. Recent studies demonstrated that low-regime forces (\<3 pN) increase the actin polymerization activity of formins ([@bib18]; [@bib35]). Furthermore, the activity of formins can be controlled by a local increase in G-actin levels ([@bib29]). In the future, it will be interesting to examine the effects of imposed external forces, comparable in magnitude to tension applied by a myosin II-containing ventral stress fiber, on formins. However, similar to shown here for VASP, we propose that possible regulation of formin activity in focal adhesions is more likely controlled through biochemical signalling cascades than direct mechanical regulation of the formin molecule. This is because culturing cells on hyaluronic acid containing soft gels can produce a similar formation of ventral stress fibers that is otherwise observed only in cells cultured on rigid substrates ([@bib16]). Furthermore, several tyrosine kinases play an important role in focal adhesion mechanosensing, and their inactivation can shift the stiffness regime for assembly of large focal adhesions and ventral stress fibers ([@bib51]).10.7554/eLife.06126.026Figure 10.A working model for mechanosensitive generation of ventral stress fibers in U2OS cells.(**A**) Dorsal stress fibers elongate through vectorial actin polymerization from focal adhesions located at the leading edge of the cell, and form a spider net -like structure with multiple transverse arcs. At least Dia1 formin and VASP are involved in vectorial actin polymerization and consequent dorsal stress fiber elongation from focal adhesions. (**B**) Arcs flow along the elongating dorsal stress fibers towards the cell center, and fuse with each other to form thicker and more contractile actomyosin bundles. (**C**) Tension provided by the contraction of arcs is mediated through dorsal stress fibers to those focal adhesions that are linked to the end of the arc. This leads to enlargement of 'terminal' adhesions and their alignment along the direction of the contractile arc bundle. Tension provided by myosin II --driven contractility of the arc inhibits vectorial actin polymerization in 'terminal' focal adhesions, and this is at least partially mediated by VASP phosphorylation. Consequently, elongation of the actomyosin bundle ceases, thus allowing its efficient contractility. Please note that focal adhesions are likely to be composed of many actin filament populations, and for simplicity only the one undergoing vectorial actin polymerization and thus promoting stress fiber elongation is shown in the model. (**D**) Cofilin-1 specifically binds to and promotes the disassembly of non-contractile dorsal stress fibers, which are connected to the central regions of the arc and thus do not participate in the formation of the ventral stress fiber. (**E**) Whereas non-contractile stress fibers are disassembled by cofilin-1, contractile stress fibers are protected from tension-sensitive cofilin-1--induced severing. Eventually, this leads to the formation of a contractile ventral stress fiber, which is connected to one large focal adhesion at its each end and aligned perpendicularly to the direction of lamellipodium extension.**DOI:** [http://dx.doi.org/10.7554/eLife.06126.026](10.7554/eLife.06126.026)10.7554/eLife.06126.027Figure 10---figure supplement 1.Differential localizations of Tm1 and Tm5NM1 in focal adhesions at the tips of dorsal and ventral stress fibers.Tm1 and Tm5 localize to focal adhesion at the tips of dorsal stress fiber sites (dsf FAs), while they are not enriched in focal adhesions located at the tips of contractile ventral stress fiber adhesions (vsf FAs). Cells expressing GFP-tagged tropomyosins were stained with a focal adhesion marker vinculin. Red and orange arrowheads indicate focal adhesions at the tips of dorsal and ventral stress fibers, respectively. Bars 10 um.**DOI:** [http://dx.doi.org/10.7554/eLife.06126.027](10.7554/eLife.06126.027)

In addition to vectorial actin polymerization at focal adhesions, actin filaments within the stress fiber network undergo turnover with a half-life of an approximately one minute ([@bib32]). We propose that maintenance or disappearance of individual stress fibers depends on a balance between assembly and tension-sensitive disassembly of actin filaments. In addition to its role in actin polymerization in focal adhesions, VASP contributes to actin filament assembly within the stress fiber network ([@bib24]; [@bib64]; [@bib31]). Our data propose that stress fibers are maintained or become thicker under tension, whereas mechanosensitive binding of ADF/cofilins to stress fibers that are not under tensions shifts the balance from steady state (or net assembly) to net disassembly. Eventually, this leads to disappearance of the stress fiber and the focal adhesion associated with its end.

What are the functions of dorsal stress fibers? Our data demonstrate that arc fusion during centripetal flow occurs preferentially at the intersections with dorsal stress fibers. This suggests that dorsal stress fibers may functions as 'rails' to facilitate coalescence of adjacent arcs in the 3D-environment inside lamellum. However, arc fusion and formation of focal adhesion--attached ventral stress fibers can occur also in VASP-depleted cells, which either do not contain dorsal stress fibers or where these actin filament bundles are very thin and fragile ([Figure 4---figure supplement 1A and B](#fig4s1){ref-type="fig"}; [Video 6](#media6){ref-type="other"}). Furthermore, many cell-types including epithelial cells can assemble peripheral actomyosin bundles resembling ventral stress fibers in the apparent absence of dorsal stress fibers. Thus, focal adhesion--attached contractile actomyosin bundles can be generated at least in non-motile cells without prominent dorsal stress fibers. It is, however, important to note that the stress fiber network is typically poorly organized in VASP-depleted U2OS cells ([Figure 4---figure supplement 1B](#fig4s1){ref-type="fig"}), suggesting that dorsal stress fibers are required for proper alignment of ventral stress fibers in migrating cells. Furthermore, dorsal stress fibers play an important role in directional cell migration ([@bib37]).Video 6.VASP-depleted cells lack dorsal stress fibers and have poorly aligned contractile actomyosin bundles.VASP-depleted U2OS cells were transfected with GFP-actin one day prior to imaging. Images were acquired every 15 s. Display rate is 15 frames/s, total video duration 21,3 min.**DOI:** [http://dx.doi.org/10.7554/eLife.06126.028](10.7554/eLife.06126.028)10.7554/eLife.06126.028

Collectively, our findings reveal that mechanosensitive actin filament assembly and disassembly are essential for generation of contractile ventral stress fibers, and function as selection processes to ensure proper alignment of ventral stress fibers perpendicularly to the direction of cell migration. In the future, it will be important to identify the signalling pathway regulating mechanosensitive phosphorylation of VASP in focal adhesions. Here it will be especially interesting to examine the possible contribution of mechanosensitive Ca^2+^ channels and Ca^2+^ -activated CaMKK family kinases, because the latter can activate AMPK kinase ([@bib14]). Furthermore, it will be important to reveal how the activities of other proteins contributing to actin polymerization at focal adhesions are regulated by myosin II -dependent tension. Finally, it will be interesting to examine how mechanosensitive actin filament assembly and disassembly contribute to generation and proper alignment of stress fibers and other contractile actomyosin bundles in the tissue environment.

Materials and methods {#s4}
=====================

Cell culture {#s4-1}
------------

Human osteosarcoma (U2OS) cells were maintained as described in [@bib32]. Transient transfections were performed with LipofectamineTM2000 (Invitrogen) according to manufacturer's instructions. Cells were subsequently incubated for 24 hr and further fixed with 4% PFA or detached with trypsin-EDTA and plated on fibronectin-coated (10 μg/ml fibronectin) glass-bottomed dishes (MatTek) for live cell imaging. Fibronectin-coated CytoSoft^TM^ 35 mm biocompatible silicone dishes (Advanced BioMatrix) with elastic modulus of 0.5 and 64 kPa were used for studying the effect of matrix rigidity on stress fiber composition. For siRNA silencing, 2100 ng of pre-annealed 3^′^ Alexa Fluor 488--labelled oligonucleotide duplexes were transfected into cells on 35 mm plates by using GeneSilencer\'s siRNA transfection reagent (Gene Therapy Systems) according to the manufacturer\'s instructions. Cells were incubated for 72--96 hr for efficient depletion of the target protein. For inhibition of VASP phosphorylation, cells were treated with AMPK inhibitor, Compound C (final concentration of 5 uM for 5 hr) or PKA/PKG inhibitor, KT5823 (1 uM, 4 hr) and for AMPK activation, 25 uM AICAR was used for 16 hr. For disruption of contractile structures, cells were treated with either myosin light chain kinase (MLCK) inhibitor ML-7 (1 uM, 2 hr) and ROCK inhibitor, Y27632 (1 uM, 2 hr). All chemical compounds were purchased from Sigma-Aldrich.

Live cell imaging {#s4-2}
-----------------

Cells were transfected, incubated for 24 hr, and re-plated prior to imaging on 10 μg/ml fibronectin--coated glass-bottomed dishes (MatTek Corporation). The time-lapse images were acquired with 3I Marianas imaging system (3I intelligent Imaging Innovations), with an inverted spinning disk confocal microscope Zeiss Axio Observer Z1 (Zeiss) and a Yokogawa CSU-X1 M1 confocal scanner, or with an inverted microscope (IX-71; Olympus) equipped with a Polychrome IV monochromator (TILL Photonics). Both systems have appropriate filters, heated sample chamber (+37°C), and controlled CO2. With 3I Marianas, a 63x/1.2 W C-Apochromat Corr WD = 0.28 M27 objective was used. SlideBook 5.0 software (3I intelligent Imaging Innovations) and sCMOS (Andor) Neo camera were used for the image acquirement and recording. With Olympus, a 60x water objective with 1.6× magnification was used. TILL Vision 4 software (TILL Photonics) and Imago QE (TILL Photonics) and Andor iXon (Andor) cameras were used for the image acquirement and recording. Deconvolution of the time-lapse videos was performed with AutoQuant AutoDeblur 2D non-blind Deconvolution (AutoQuant Imaging, Inc.). Further analyses of the video frames were performed with Image Pro Plus 6.0.

Traction force microscopy (TFM) {#s4-3}
-------------------------------

U2OS cells, transfected with Cherry-Actin, were cultured for 3--8 hr on collagen-1-coated polyacrylamide (PAA) gel substrates (elastic modulus = 26 kPa) that were coated with sulfate fluorescent microspheres (diameter = 100 or 200 nm, Life Technologies) ([@bib42]). Using an inverted fluorescence microscope (Leica DMI6000), images of cells and of the fluorescent microspheres directly underneath the cells were imaged during the experiment and after cell detachment with trypsin. By comparing the fluorescent microsphere images before and after cell detachment, we computed spatial maps of cell-exerted displacement. With knowledge of the displacement field and that of the substrate stiffness, we computed the traction field using the well-established method of constrained fourier transform traction microscopy ([@bib12]; [@bib38]). From the cell traction map, we computed local force within an ∼13µm^2^ area around pre-selected points corresponding to tips of focal adhesions at either dorsal (red) or ventral (orange) stress fibers ([Figure 2A](#fig2){ref-type="fig"}).

Plasmids and siRNA Oligonucleotides {#s4-4}
-----------------------------------

DNA transfections were performed as described in [@bib68]. The following constructs were used in experiments: wild-type GFP-VASP, GFP-VASP~ser239ala,thr278ala~,, which was generated from the triple mutant AAA-GFP-VASP construct ([@bib4]), GFP-CaP3 ([@bib8]), PA-GFP-actin (a kind gift from Maria Vartiainen), cofilin-1-Flag ([@bib33]), Rif-TN, YFP-Tm4, CFP-and YFP-α-actinin, CFP-and mCherry-Zyxin ([@bib32]), GFP-and Cherry-actin ([@bib68]), dominant active RhoA ([@bib70]). For depletion of VASP, Dharmacon ON-TARGETplus Smartpool cat\# L-019763-01, Lot\# 121105 was used. For depletion of cofilin-1 target sequence "AAG GAG GAT CTG GTG TTT ATC" was used for a 5´-Alexa Fluor 488 labelled siRNA, which was purchased from Qiagen.

Immunofluorescece microscopy {#s4-5}
----------------------------

Cells were fixed with 4% PFA, washed 3 x with 0.2% Dulbecco/BSA and permeabilized with 0.1% Triton X-100 in TBS. Immunofluorescence stainings were performed as in ([@bib68]). Images were acquired with a charge-coupled device camera (AxioCam HRm; Zeiss) on a microscope (Axio Imager.M2; Zeiss). AxioVision Rel. 4.8 (Zeiss) and PlanApo 63x/1.40 (oil) objective (Zeiss) was used for the image acquirement. The following reagents and antibodies were used for the stainings: Alexa phalloidin 488, 568, 594 and 647 (1:200--400 dilutions) (Life Technologies^TM^), anti-cofilin-1 antibody (Abcam, ab11062), anti-VASP antibodies (1:50--100) (Sigma, HPA005724 and Enzo, IE273), VASP-phospho-T278 antibody (1:50) (ImmunoWay), VASP-phospho-S239 antibody (1:50) (Millipore, 16C2), anti-vinculin antibody (1:50) (Sigma, hVin-1). DAPI and secondary antibodies, which were conjugated to Alexa Fluor 488, Alexa Fluor 568/594, or Cy5 were from Life Technologies.

Western blotting {#s4-6}
----------------

Cells were washed with cold PBS, scraped, and lysed in PBS, 1% Triton X-100 (with 0.3 mM PMSF and protease and phosphatase inhibitor cocktail (Pierce). Protein concentrations were measured using Bradford reagent (Sigma-Aldrich). Alternatively, cells were lysed after washes into 4x LSB-DTT buffer for obtaining total cell lysates. Lysates were briefly sonicated prior to boiling. Mixture of 5% milk/BSA was used for blocking. Following antibodies were used for detection with dilutions recommended by the manufacturers: rabbit polyclonal anti-VASP antibodies (Sigma, HPA005724 and Enzo, IE273), VASP-phospho-T278 antibodies (ImmunoWay and ECM Biosciences, VP2781), VASP-phospho-S239 antibodies (Millipore, 16C2; Sigma SAB4504565; Abcam, 16C2), anti-GAPDH (Sigma, G8795). Appropriate HRP-linked secondary antibodies (Promega) and ECL reagent (AmershamTM, GE Healthcare) were applied for chemiluminescence detection of the blots. Quantity One 4.1.1 program (Bio-Rad) was used to quantify the band intensities of blots.

Photoactivatable (PA) GFP-Actin {#s4-7}
-------------------------------

Live cell imaging with PA-GFP-actin/Cherry-Zyxin-transfected U2OS cells was performed as above with 3I Marianas imaging system. Three captures were taken before activation of PA-GFP-actin with 405 lasers. Activation was performed at the adhesion sites at the tips of dorsal and ventral stress fibers. 488 and 561 lasers were used to visualize activated protein and focal adhesion marker Zyxin, respectively. Images were captured 5x every 2 ms, after which the signal was recorded every 20 s.

Fluorescence recovery after photobleaching, FRAP {#s4-8}
------------------------------------------------

For measuring vectorial actin polymerization as well as actin dynamics within focal adhesions by fluorescence recovery after photobleaching (FRAP), cells were transfected with GFP-actin construct and incubated for 24 hr. Prior to imaging, the cells were moved to fibronectin-coated (10 μg/ml) glass-bottomed dishes (MatTek Corporation) and 3I Marianas imaging system (3I intelligent Imaging Innovations) with 63x/1.2 water objective (C-Apochromat Corr WD = 0.28 M27) was used. Five pre-bleach images were acquired before bleaching with 100% intensity of 488 (50 mW) for 1 x 1 ms. First post-bleach images were acquired 10x every 500 ms and after that every 10 s. In laser ablation experiments, five pre-ablation images were acquired and bleaching was performed 10 s after ablation. The rate of vectorial actin polymerization at focal adhesions was determined by a blind analysis (performed from randomly ordered samples by a different person to the one that carried out the experiments and prepared the kymographs) by ImagePro Plus 6.0 software. Here, the speed of stress fiber elongation was quantified by measuring the advancement rate of proximal ends of the photobleached stress fiber regions form the kymographs prepared from the movies.

Laser ablation {#s4-9}
--------------

Ablation of single ventral stress fibers was performed with 100% intensity of 405 nm laser (100mW, in 3I Marianas imaging system) using 3 x 200 ms pulses. Five captures were taken before the ablation, after which retraction of the fibers was followed for 10 s before recording the changes in actin dynamics in relaxed fibers. Growth rate of actin filaments from the adhesions of ablated- or non-ablated ventral stress fibers were followed by either FRAP or photoactivatable-GFP-actin with 3I Marianas as explained above. It is important to note that experiments on cells co-expressing mCherry-Actin and GFP-Zyxin demonstrated that focal adhesions at the ends of ventral stress fibers are immobile after ablation (see [Video 7](#media7){ref-type="other"}). In few cases, laser ablation, however, led to retraction of the cell edge and accompanied disruption of focal adhesions. All such cases were discarded from further analysis.Video 7.Ablation of contractile ventral stress fibers does not affect the position of focal adhesions.An example of a laser-ablated ventral stress fiber from a U2OS cell co-expressing mCherry-Actin and GFP-Zyxin. Five captures, every 1 s, were taken before the ablation, and retraction of the ventral stress fiber was followed for 10 x 1 s before bleaching the region below the focal adhesion. Recovery of mCherry-Actin signal was detected at the bleached area of the relaxed fiber. Display rate is 10 frames/s, and the total duration of the video is 9 min. Please note, that position of the focal adhesion (indicated by GFP-Zyxin) is not significantly affected by ablation of the associated stress fiber.**DOI:** [http://dx.doi.org/10.7554/eLife.06126.029](10.7554/eLife.06126.029)10.7554/eLife.06126.029

Image analyses {#s4-10}
--------------

Image Pro Plus 6.0 program was used for the quantifications of focal adhesion and stress fiber properties. Dorsal stress fiber lengths from fixed ctrl or ML-7-, Y27632-, KT5823- or Compound C-treated as well as Rif-TN-transfected cells were analysed from at least 12 cells and 3 fibers per each cell (exact numbers for each experiment are indicated in the figure legends). Focal adhesion sizes and angles were quantified from frames of live cell imaging captures. Angles were calculated as the change between the major axis of the focal adhesion and the vertical. Intensity of phospho-VASP antibody stainings as well as co-localizations in the adhesion sites were analysed with line profiles. Intensities of phospho-VASP (ser239 and thr 278) were divided with the intensity of total VASP antibody staining and values for ventral stress fiber adhesions were normalized to 1. Distances of periodic spacing of the transverse arc structures were also measured with line profiles in Image Pro.

Statistical analyses {#s4-11}
--------------------

Differences between groups were compared using the unpaired student t-test assuming unequal variances. All data were reported as mean +/- SEM or SD as indicated in the figure legends.
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eLife posts the editorial decision letter and author response on a selection of the published articles (subject to the approval of the authors). An edited version of the letter sent to the authors after peer review is shown, indicating the substantive concerns or comments; minor concerns are not usually shown. Reviewers have the opportunity to discuss the decision before the letter is sent (see [review process](http://elifesciences.org/review-process)). Similarly, the author response typically shows only responses to the major concerns raised by the reviewers.

Thank you for sending your work entitled \"Generation of contractile actomyosin bundles depends on mechanosensitive actin filament assembly and disassembly\" for consideration at *eLife*. Your article has been favorably evaluated by Vivek Malhotra (Senior Editor) and three reviewers, one of whom is a member of our Board of Reviewing Editors.

The Reviewing Editor and the other reviewers discussed their comments before we reached this decision, and the Reviewing Editor has assembled the following comments to help you prepare a revised submission.

This manuscript investigates the mechanisms of stress fiber assembly. The authors focus on the mechanosensitive nature of ventral stress fiber assembly and alignment in migrating cells. The authors show that ventral stress fibers result from transverse arc fusion during centripetal flow. Fusion leads to increased contractility, which in turn inhibits vectorial actin polymerization via AMPK mediated VASP phosphorylation at the associated focal adhesions. Finally, the authors show that ADF/cofilin mediated stress fiber disassembly is also mechanosensitive and that strongly contractile fibers are protected from cofilin.

The reviewers found that the paper provides interesting data and interprets them in the framework of a neat scenario describing the maturation of contractile stress fibers and the role of a mechanosensitive VASP phosphorylation in strengthening adhesion complexes as they mature. However, the reviewers found that the conclusions are often not sufficiently supported by the data and additional experiments would be needed to take the observations from a correlative to a mechanistic level.

Specifically, as it is, the paper does not fully demonstrate its main conclusions on mechanosensitive processes involved in stress fiber assembly and homeostasis. We list below experimental directions suggested by the reviewers. While they probably cannot all be performed within the timeframe of a revision, a subset could be sufficient to demonstrate that vectorial growth and vsf assembly are mechanosensitive and that this is mediated, at least in part, by VASP phosphorylation. Demonstrating these two points would provide a biophysical mechanism of interest to the broad readership of *eLife*.

Additional evidence is needed to demonstrate that the events described are actually mechanosensitive. The mechanosensitivity of VASP phosphorylation and vectorial growth is mostly based on comparison of cell behaviors on substrates of different stiffness. This is rather indirect. A key experiment would be to directly show that decreasing of increasing tension affects actin assembly dynamics at vsf. Could the authors more directly perturb the forces exerted on focal adhesions by vsf, e.g. with local relaxation of tension by laser ablation or local increase in tension by pulling on the cell (like in Riveline et al for instance)? Would such perturbations affect vectorial growth, as visualized with photoactivation of actin-GFP? To further support mechanosensitivity, the authors show that myosin inhibition leads to defects in vsf formation and longer dorsal stress fibers. But shouldn\'t decreasing tension rather result in longer vsf, as vectorial growth would not be inhibited anymore?

Another direction would be to make a more extensive use of traction force measurements to substantiate comments on stress fibers sensing tension. Statements like \"thus, we examined whether ADF/cofilins could be responsible for specific disassembly of those dorsal stress fibers that are not under tension in migrating U2OS cells\" or \"these experiments revealed that dorsal stress fibers, oriented perpendicularly to the contractile arc, sense weaker myosin II-generated tension and disassemble during stress fiber maturation process ([Figure 6A and C](#fig6){ref-type="fig"})\" are rather speculative and direct tension measurements would allow to substantiate them.

That VASP phosphorylation is involved in mechanotransduction is a key point in this paper. The evidence that AMP kinase activity can tune mechanosensitivity is interesting, but relies on the effects of one pharmacological inhibitor (AICAR). A Western blot should be added showing effects on VASP Ser239 and Thr278 phosphorylation after AICAR treatment. To control for specificity, experiments need to be done to test whether the phospho-VASP mutants (used in [Figure 4](#fig4){ref-type="fig"}) mimic the effects of AICAR.

Other major points:

In the subsection "Actin polymerization in focal adhesions is controlled by phosphorylation of VASP", the authors state: \"VASP phosphorylation at Ser239 and Thr278 is regulated by cAMP- and cGMP dependent protein kinases PKA and PKG as well as by AMP-activated Protein Kinase...\". The authors have focused on AMPK. Why? Did they test examine effects of modulating PKA and/or PKG activity re regulation of actin assembly at focal adhesions and effects on force transduction? If not, what is your rationale for assuming these kinases are not involved?

The differences in actin dynamics in dorsal as compared to ventral stress fibers might derive from reduced actin polymerization (regulated by VASP) in adhesions of ventral stress fibers, but could also result from differences in overall organization of actin filaments and their orientation. Can the authors exclude this possibility? Performing photobleaching experiments at focal adhesions rather than in the middle of the fibers could allow answering this question. Also, could the authors clarify where exactly PA-GFP-actin is activated in [Figure 2F](#fig2){ref-type="fig"}? Is it only in the adhesion region as highlighted by zyxin? In this case, the signal in the vsf did distribute from the adhesion zone, contrary to what is stated in the legend.

Is the total cellular F-actin amount conserved in the different treatments? Could changes in dsf length and the absence/presence of vsf result from a limiting actin pool?

Y27632 also inactivates LIM kinase (Maekawa et al., Science, 1999), which in turn leads to cofilin activation. Is this the case in U2OS cells? And if so, does it mean that this effect is dominated by the effect of Y27632 on myosin activity here?

Treatments leading to longer/shorter dsf seem to also affect overall cell morphology. Is cell size changed? And if so, shouldn\'t one normalize dsf length to cell or lamella area? Or does the length of dsf control lamella size?

\[Editors' note: this article was rejected after discussions between the reviewers at resubmission, but the authors were invited to resubmit after an appeal against the decision.\]

Thank you for choosing to send your work entitled \"Generation of contractile actomyosin bundles depends on mechanosensitive actin filament assembly and disassembly\" for consideration at *eLife.* Your full submission has been evaluated by Vivek Malhotra (Senior Editor), a Reviewing Editor and two reviewers, and the decision was reached after discussions between the reviewers. Based on our discussions and the individual reviews below, we regret to inform you that your work will not be considered further for publication in *eLife*.

While the reviewers appreciate that the importance of mechanosensitivity in stress fiber assembly and dynamics, they are concerned that your conclusions are not really supported by the data. The novel conclusion of the paper is a mechanosensitive VASP phosphorylation that regulates vectorial growth of stress fibers. However, as already pointed out in the first round of review, the authors have not really provided definitive data to support their conclusions. The new ablation experiment provides some support (if statistics and clarification on the quantifications are provided, see comments in reviews below), however it does not by itself support a mechanosensitive mechanism. After extensive discussion, the reviewers concluded that the authors should quantify forces if they want to claim mechanosensitivity, and quantitatively assess the relation between forces exerted and actin assembly rates. Furthermore, it is unclear if resumed vectorial polymerization upon ablation actually depends on VASP. This needs to be addressed to rule out other possible explanations. Clarification of these points would be essential to support the claims and it is unclear whether the issues can be addressed in a reasonable time.

Reviewer \#2:

The ablation photo-activation/FRAP experiments presented in [Figure 3](#fig3){ref-type="fig"} provide new evidence supporting the author\'s contention that force reduction promotes vectoral actin assembly. With that said, it would have been much more compelling if the authors had correlated actin assembly and experimental changes in VASP activity with actual forces. Since the authors are using traction force microscopy ([Figure 2](#fig2){ref-type="fig"}) it is not clear why this technique was not employed to address this key question.

[Figure 6](#fig6){ref-type="fig"} is improved by the quantitative assessment of phospho-Vasp levels before and after AICAR treatment; however, representative Western blots from which this data was obtained need to be shown.

Reviewer \#3:

Having carefully compared the original and revised versions of the manuscript, it seems that only very minor changes have been introduced into the revised version. Indeed, the biggest change is the addition of one experiment that the authors propose to confirm their previous conclusions.

The experiment (shown in [Figure 3](#fig3){ref-type="fig"}) is admittedly fancy, as the authors propose that they can introduce the feature of \"vectorial actin polymerization\", which they propose normally to be specific to dorsal stress fibers, in ventral stress fibers simply by relaxing them through laser-ablation. This is not uninteresting, but as far as I can see, the effect is comparably modest, and the authors show two individual examples only, without providing any statistics on how general or reproducible these two preliminary observations might be.

Notwithstanding this, my biggest problem with understanding the authors\' conclusions is as follows: as far as I could follow the model displayed in [Figure 9](#fig9){ref-type="fig"} ([Figure 8](#fig8){ref-type="fig"} in previous version), the authors propose that VASP phosphorylation in adhesions anchoring vsf inhibits what they call \"vectorial actin polymerization\".

I don\'t want to repeat what I outlined in my previous review, but I would like to emphasize that I previously raised the concern that the absence of vectorial actin polymerization could be simply caused by the difference in overall organization of actin filaments and their orientation in the two-stress fiber types. Now the authors state in their rebuttal letter that they don\'t want to examine actin assembly rates in adhesions because they \"contain many different actin filament populations\", which makes it \"difficult to follow vectorial actin polymerization if the photobleaching is performed at the actual adhesion\". More importantly, the authors state that they did not find any differences in actin turnover (by GFP-actin recovery) when bleaching adhesions located at the ends of dorsal vs ventral stress fibers. This confirms what I had proposed/feared in my review, which is that actin polymerization rates in adhesions anchoring dorsal vs ventral stress fibers are not significantly different. This also confirms that the modest changes in VASP phosphorylation between the two adhesion types cannot introduce a significant change in actin assembly rates.

Instead, these observations suggest to me that it is the overall organization of actin filaments and their polarity in the two-stress fiber types which causes the differences observed in vectorial actin polymerization. That this might possibly be influenced by releasing the tension due to laser ablation could be interesting, but the data are too preliminary in my view to be published in *eLife*.

But even if it were true, my biggest problem with all these conclusions and the way the model is drawn at present is that it represents a sort of circular argument. Dorsal stress fibers undergo vectorial actin polymerization, which is proposed to be VASP-dependent, whereas ventral stress fibers prominently accumulate VASP, but due to its inhibition by phosphorylation, vectorial actin polymerization is inhibited. Do the authors really want to propose that VASP function is restricted to dorsal stress fibers? Are the authors sure they want to imply that VASP accumulating in adhesions anchoring ventral stress fibers is not functional simply because it is phosphorylated?

Furthermore, if I took the model seriously, I would ask myself how vectorial actin polymerization can be inhibited in focal adhesions anchoring ventral stress fibers if actin assembly is still taking place (as stated in the rebuttal letter), or the other way around, how can active VASP in adhesions anchoring dorsal stress fibers drive vectorial actin polymerization in spite of the presence of additional actin assembly factors potentially present in adhesions (as mentioned by the authors) and along stress fibers? I feel that this model is too simplified to explain the observations described. In my view, essential regulatory components beyond VASP localization and regulation are missing here, but would certainly be required for a comprehensive view of why dorsal and ventral stress fibers display the discussed differences in vectorial actin polymerization.

\[Editors' note: what now follows is the decision letter after the authors submitted for further consideration.\]

Thank you for choosing to send your work entitled \"Generation of contractile actomyosin bundles depends on mechanosensitive actin filament assembly and disassembly\" for consideration at *eLife*. Your letter of appeal has been considered by Vivek Malhotra (Senior Editor) and a Reviewing Editor.

As also mentioned in the appeal letter, the main point to be addressed in the revision was \"to demonstrate that vectorial growth and vsf assembly are mechanosensitive and that this is mediated, at least in part, by VASP phosphorylation\". While the laser ablation experiments alleviate to some extent the first part of the concern (provided concerns about quantifications can be addressed, as detailed below), the second part remains unclear. The Western blot of VASP phosphorylation after AICAR treatment, which was suggested in another part of the reviewers\' comments, is indeed important (though the original Western should be shown in addition to the quantification). However it does not directly link VASP phosphorylation or activity, to tension. This could be addressed by e.g. testing if vectorial growth after laser ablation depends on VASP. Without linking the resumed actin polymerization to VASP activity it seems a stretch to conclude that the release of tension by ablation triggers actin polymerization via VASP.

Concerning the laser ablation experiments, the concern raised after the revision is that it is not clear how quantifications were performed. The actin signal is very dim on the image displayed, was the speed of growth quantified by hand or in an unbiased (automated) manner? If one were to draw a line along the stronger/less patchy actin signal, the speed of growth would be much lower than suggested by the dotted line in the figure. Given the low signal in the figure, providing a movie might also help assess the resumed actin polymerization. Furthermore, the text indicates a mean speed of resumed assembly, but the number of cells or experiments does not seem to be reported. While indeed the option of more extensively using traction forces was only suggested in the initial round of review, given the important of the mechanosensitivity statement, it would considerably strengthen the conclusions of the laser ablation experiment if tractions force microscopy was used to show that it indeed releases tension in the stress fiber.

The appeal letter lists a number of experiments on VASP. However, most of the treatments listed lead to effects on dorsal stress fibers. Yet, one key point of the model proposed is that mechanosensitive VASP phosphorylation stabilizes ventral stress fibers by preventing vectorial growth, as detailed in [Figure 9](#fig9){ref-type="fig"}. This is at this point a rather unsupported statement, which the authors might be able address by exploring the role of VASP in the laser ablation experiments, as suggested in the appeal letter.

Concerning the concerns of Reviewer 3, the responses provided in the appeal letter suggest that they could indeed be addressed by further clarifications in the text and a more extensive investigation of the laser ablation experiments. However, this reviewer\'s concerns about actin turnover at focal adhesions versus vectorial growth are relevant and the distinction may be confusing for many readers as well. It would be particularly important to further clarify this distinction in the text and possibly include the FRAP experiments at the different types of adhesion to make clear that the paper does not mean to claim that VASP phosphorylation stops all actin assembly in vsf (as may be wrongly assumed from a quick look at [Figure 9](#fig9){ref-type="fig"}). Again, a thorough investigation of the laser ablation experiments, including the role of VASP and if possible traction force measurements of the force release, could help addressing these concerns.

If these experiments can be added and the points listed above can be addressed, we are prepared to consider a revised submission with no guarantees of acceptance.

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

Thank you for resubmitting your work entitled \"Generation of contractile actomyosin bundles depends on mechanosensitive actin filament assembly and disassembly\" for further consideration at *eLife.* Your revised article has been favorably evaluated by Vivek Malhotra (Senior Editor), Ewa Paluch (Reviewing Editor), and has been discussed with one reviewer. The manuscript has been very much improved and the more thorough investigation of the laser ablation experiments makes the conclusions of the paper much clearer and better supported. However, some minor remaining issues need to be addressed before acceptance, as outlined below:

The traction force microscopy experiment showing that laser ablation actually releases tension in ventral stress fibers ([Figure 3--figure supplement 1C](#fig3s1){ref-type="fig"}) is essential, as it demonstrates that the method works. The authors state it is representative, but of how many experiments? Could some quantification of the released forces and of the number of experiments performed be provided?

Do focal adhesions at the end of the stress fibers move upon laser ablation or do they remain immobile? This is important because adhesion movement when vectorial growth is being measured would affect the measured elongation rates. Or is the bleaching performed after potential adhesion movements have relaxed?

Does the quantification of vectorial actin polymerisation rates provided in [Figure 7](#fig7){ref-type="fig"} also correspond to the experiments displayed in [Figure 3](#fig3){ref-type="fig"}? If so, please clarify in the figure legend/text. If not, could a similar quantification be provided for [Figure 3](#fig3){ref-type="fig"}?

In his last comment, reviewer 3 was rather asking how VASP can promote vectorial growth specifically, i.e. how does VASP elongate only or preferentially filaments pointing towards the cell center. Could the authors speculate on how they envisage this could be achieved at the microscopic level? This is an important point that should be clearly stated in the Discussion of the paper.

In [Figure 7A](#fig7){ref-type="fig"}, has the kymograph been turned upside down compared to what is displayed in the picture of the whole cell? Otherwise it seems that the resumed growth occurs distally, towards the outside of the cell from the adhesion point at the end of the stress fiber, which does not seem to make sense.

Is there a condition missing in [Figure 5E](#fig5){ref-type="fig"} on the left of WT VASP? The space between the y axis and WT VASP is rather wide.

10.7554/eLife.06126.031

Author response

*Specifically, as it is, the paper does not fully demonstrate its main conclusions on mechanosensitive processes involved in stress fiber assembly and homeostasis. We list below experimental directions suggested by the reviewers. While they probably cannot all be performed within the timeframe of a revision, a subset could be sufficient to demonstrate that vectorial growth and vsf assembly are mechanosensitive and that this is mediated, at least in part, by VASP phosphorylation. Demonstrating these two points would provide a biophysical mechanism of interest to the broad readership of* eLife. *Additional evidence is needed to demonstrate that the events described are actually mechanosensitive. The mechanosensitivity of VASP phosphorylation and vectorial growth is mostly based on comparison of cell behaviors on substrates of different stiffness. This is rather indirect. A key experiment would be to directly show that decreasing of increasing tension affects actin assembly dynamics at vsf. Could the authors more directly perturb the forces exerted on focal adhesions by vsf, e.g. with local relaxation of tension by laser ablation or local increase in tension by pulling on the cell (like in Riveline et al for instance)? Would such perturbations affect vectorial growth, as visualized with photoactivation of actin-GFP? To further support mechanosensitivity, the authors show that myosin inhibition leads to defects in vsf formation and longer dorsal stress fibers. But shouldn\'t decreasing tension rather result in longer vsf, as vectorial growth would not be inhibited anymore?*

We thank the reviewers for these excellent suggestions, and have therefore performed laser ablation experiments to induce local relaxation of tension in contractile ventral stress fibers. These laser ablation experiments were combined with FRAP and photoactivation assays to follow actin dynamics and 'vectorial actin polymerization' in focal adhesions located at the ends of ablated ventral stress fibers and non-ablated ventral fibers within the same cells. The new data are presented in [Figure 3](#fig3){ref-type="fig"} and [Figure 3--figure supplement 1](#fig3s1){ref-type="fig"}, and discussed in the subsection "Tension provided by myosin II inhibits vectorial actin polymerization at focal adhesions". These experiments revealed that local relaxation of the contractility rapidly induces vectorial actin polymerization at adhesions located at the tips of the stress fiber. Thus, these data provide direct evidence that vectorial actin polymerization in focal adhesions is mechanosensitive (as already suggested by indirect experiments with pharmacological inhibitors in the original version of the manuscript). It should be noted that the rate of stress fiber elongation from focal adhesions varied quite significantly between individual ablation experiments, and this is most likely due to differences in the fiber thickness, state of relaxation, and connections to other contractile stress fibers. However, on average the elongation rates of laser-ablated ventral stress fibers were 0,298 um/min (SD +/- 0,11), which is close to the elongation rate of non-contractile dorsal stress fibers \[0,23 um/min (SD +/- 0,048)\].

Concerning the experiments with MLCK/ROCK inhibitors, our data presented in [Figure 2--figure supplement 2](#fig2s2){ref-type="fig"} showed that inhibition of myosin II activity results in depletion of contractile ventral stress fibers and transverse arcs, and an increase in the length of dorsal stress fibers (this is described in "Tension provided by myosin II inhibits vectorial actin polymerization at focal adhesions"). This is consistent with the model where decreased tension results in increased vectoral actin polymerization at focal adhesions and consequent formation of longer dorsal stress fibers.

*Another direction would be to make a more extensive use of traction force measurements to substantiate comments on stress fibers sensing tension. Statements like \"thus, we examined whether ADF/cofilins could be responsible for specific disassembly of those dorsal stress fibers that are not under tension in migrating U2OS cells\" or \"these experiments revealed that dorsal stress fibers, oriented perpendicularly to the contractile arc, sense weaker myosin II-generated tension and disassemble during stress fiber maturation process ([Figure 6A and C](#fig6){ref-type="fig"})\" are rather speculative and direct tension measurements would allow to substantiate them.*

Because the laser-ablation experiments described above (and shown in [Figure 3](#fig3){ref-type="fig"} of the revised manuscript) provided direct evidence for the mechanosensitivity of vectorial actin polymerization in focal adhesions, we feel that additional traction force measurements are perhaps no longer necessary to elaborate this conclusion. However, we would like to point out that tension measurements by traction force microscopy presented in our manuscript ([Figure 2A](#fig2){ref-type="fig"}), and in a new publication by Soine et al., (2015) provide evidence that ventral stress fibers are typically under higher tension compared to non-contractile dorsal stress fibers. This is now discussed in the subheading "Transverse arc fusion is accompanied by increased contractility of actomyosin bundles and alignment of distal focal adhesions".

*That VASP phosphorylation is involved in mechanotransduction is a key point in this paper. The evidence that AMP kinase activity can tune mechanosensitivity is interesting, but relies on the effects of one pharmacological inhibitor (AICAR). A Western blot should be added showing effects on VASP Ser239 and Thr278 phosphorylation after AICAR treatment. To control for specificity, experiments need to be done to test whether the phospho-VASP mutants (used in [Figure 4](#fig4){ref-type="fig"}) mimic the effects of AICAR.*

We have performed a Western blot to confirm that AICAR, a pharmacological activator of AMPK, increases phosphorylation of Ser239 residue on VASP. Quantification of the results from the Western blot analysis is presented in [Figure 6B](#fig6){ref-type="fig"}. These data, together with experiments performed with pharmacological inhibitors of AMPK and mutant versions of VASP ([Figure 4--figure supplement 1](#fig4s1){ref-type="fig"} and [Figure 5](#fig5){ref-type="fig"}), suggest that AICAR induces maturation of stress fibers through inhibition of actin polymerization activity of VASP.

We also agree that, in principle, it would be interesting to test whether the phosphomimetic VASP mutants would recapitulate the phenotype induced by AICAR. However, because phosphorylation of VASP inhibit its actin polymerization activity (e.g. Harbeck et al., 2000; Benz et al., 2009) the phenotypes of RNAi-rescue cells expressing phosphomimetic VASP mutants instead of wild-type VASP are expected to resemble the phenotype in VASP depleted cells. Indeed, as shown in [Figure 4--figure supplement 1](#fig4s1){ref-type="fig"} of our manuscript, VASP depletion results in comparable phenotype (lack of dorsal stress fibers) as induced by AICAR treatment. This is now discussed in the subsection "Actin polymerization in focal adhesions is controlled by phosphorylation of VASP".

Other major points:In the subsection "Actin polymerization in focal adhesions is controlled by phosphorylation of VASP", the authors state: \"VASP phosphorylation at Ser239 and Thr278 is regulated by cAMP- and cGMP dependent protein kinases PKA and PKG as well as by AMP-activated Protein Kinase...\". The authors have focused on AMPK. Why? Did they test examine effects of modulating PKA and/or PKG activity re regulation of actin assembly at focal adhesions and effects on force transduction? If not, what is your rationale for assuming these kinases are not involved?

We decided to focus on AMPK-mediated phosphorylation of VASP because earlier studies on muscle cells provided evidence for mechanosensitive activation of AMPK (Blair et al., 2009). However, we have now also performed experiments with available PKA and PKG inhibitors (KT5720 and DT-2, respectively) to study their effects on dorsal stress fiber elongation. These experiments revealed that in KT5720 and DT-2 treated U2OS cells dorsal stress fibers were 1,25 and 1,35 fold longer as compared to control cells that were treated with DMSO alone. Thus, also PKA and PKG may contribute to regulation of VASP activity in U2OS cells, but based on these inhibitor studies their contribution to this process is less pronounced compared to AMPK (cells treated with AMPK inhibitor, compound c, had approximately 1,9 times longer dorsal stress fibers compared to control cells). These new data are discussed in the subheading "Actin polymerization in focal adhesions is controlled by phosphorylation of VASP". It is also important to note, that AMPK activator AICAR resulted in opposite effects on dorsal stress fibers as compared to AMPK inhibition (or expression of phosphorylation-deficient VASP mutants), providing further support for the central role of AMPK in this process.

*The differences in actin dynamics in dorsal as compared to ventral stress fibers might derive from reduced actin polymerization (regulated by VASP) in adhesions of ventral stress fibers, but could also result from differences in overall organization of actin filaments and their orientation. Can the authors exclude this possibility? Performing photobleaching experiments at focal adhesions rather than in the middle of the fibers could allow answering this question. Also, could the authors clarify where exactly PA-GFP-actin if activated in [Figure 2F](#fig2){ref-type="fig"}? Is it only in the adhesion region as highlighted by zyxin? In this case, the signal in the vsf did distribute from the adhesion zone, contrary to what is stated in the legend.*

Focal adhesions are expected to contain many different actin filament populations (see e.g. Tojkander et al., 2011), which make it difficult to follow the vectorial actin polymerization if the photobleaching is performed at the actual adhesion. Thus, studies by others (e.g. Tee et al., 2015) and us (e.g. Hotulainen and Lappalainen, 2006) have shown that elongation of dorsal stress fibers through actin polymerization at focal adhesions can be best studied by performing the photobleaching right below the adhesion. This is further clarified in the subheading "Tension provided by myosin II inhibits vectorial actin polymerization at focal adhesions". However, as requested, we have now also performed FRAP at focal adhesions of GFP-actin expressing cells to demonstrate rapid, relatively uniform recovery of GFP-actin in focal adhesions. We did not observe significant differences in the GFP-actin recovery in adhesions located at the ends of dorsal vs. ventral stress fibers, and thus an example of FRAP experiment on actin dynamics at the dorsal stress fiber linked adhesion is presented in [Video 1](#media1){ref-type="other"}.

We have now also clarified in the legend to [Figure 2F](#fig2){ref-type="fig"} that PA-GFP-Actin was activated at the focal adhesion and just below it. Yellow dashed lines show the borders of the activated region. In the case of ventral stress fiber, the PA-GFP-actin signal does not 'spread' below this border, whereas in the case of dorsal stress fiber the PA-GFP-actin signal moves towards the cell center along the elongating dorsal stress fiber.

*Is the total cellular F-actin amount conserved in the different treatments? Could changes in dsf length and the absence/presence of vsf result from a limiting actin pool?*

Because our new laser ablation studies provided direct evidence that vectorial actin filament polymerization in focal adhesion is indeed mechanosensitive (here we compared vectorial actin polymerization in ablated vs. non-ablated ventral stress fiber within the same cell), we feel that trying to quantify the G:F-actin ratios in cells treated with different pharmacological inhibitors is no longer necessary for confirming the main conclusions of the study.

*Y27632 also inactivates LIM kinase (Maekawa et al., Science, 1999), which in turn leads to cofilin activation. Is this the case in U2OS cells? And if so, does it mean that this effect is dominated by the effect of Y27632 on myosin activity here?*

We assume that the effects seen by ROCK inhibitor Y27632 are mainly due to its effects on myosin activity, because we see a decrease in myosin-containing contractile structures. We have not tested the impact of Y27632 on LIM kinase activity and phosphorylation of cofilin-1. However, assuming that Y27632 would decrease cofilin phosphorylation and thus increase its actin filament severing activity, we should rather see decrease in dorsal stress fiber length, not increase as we see now. Furthermore, as described above, new laser ablation experiments provided direct evidence on the mechanosensitivity of actin filament assembly, and thus these indirect ROCK inhibitor studies just provide additional support to this conclusion.

*Treatments leading to longer/shorter dsf seem to also affect overall cell morphology. Is cell size changed? And if so, shouldn\'t one normalize dsf length to cell or lamella area? Or does the length of dsf control lamella size?*

We have now examined the effects of different pharmacological treatments on cell size, and learned that they result in 1.0 -- 1,78 fold increase in the cell area. This is now mentioned in the Results. However, it is important to note that contractile stress fibers are important regulators of cell morphogenesis, and thus increase in the cell-size is expected upon depletion of these actomyosin bundles. Furthermore, we sincerely feel that increase in total cell area does not affect the interpretation of these data, because we are not aware of any studies linking total cell area to stress fiber elongation. In contrast, a recent study by Burnette et al. (J Cell Biol., 2014) demonstrated that depletion of contractile transverse arcs decreases rather than increases the lamella width.

\[Editors' note: the author responses to the second round of peer review follow.\]

We appreciate that the reviewers have extensively discussed our revisions, but nevertheless find the decision both surprising and unjustified. We would fully understand the reviewers' comments and the rejection if we would not have performed the suggested experiments, if the assays/analyses would not have been properly carried out, or if the data would not have supported the conclusions presented. However, none of these is the case here.

In the original decision letter we were advised to provide additional support for the mechanosensitivity of vectorial actin polymerization, and the role of VASP phosphorylation in the process: 'While they probably cannot all be performed within the timeframe of a revision, a subset could be sufficient to demonstrate that vectorial growth and VSF assembly are mechanosensitive and that this is mediated, at least in part, by VASP phorphorylation. Demonstrating these two points would provide a biophysical mechanism of interest to the broad readership of *eLife*.'

Concerning the first point, we were advised to perform either laser ablation or cell pulling experiments, or make more extensive use of traction force measurements. From the three options, we chose to perform laser ablation experiments, which provided direct evidence that vectorial actin polymerization in focal adhesion is indeed mechanosensitive. Unlike stated in the decision letter of the revised manuscript, these assays were rigorously performed; vectorial actin polymerization rates were monitored both by photoactivation and photobleaching assays, and the rates were quantified from several individual ablation experiments. As described in the manuscript, the average the elongation rates of laser-ablated ventral stress fibers were 0,298 um/min (SD +/- 0,11). The statistical significance for the differences in the elongation rates of intact ventral stress fibers and laser ablated ones is (p \<0.001; t-test). This can be added either to the text or the quantification can be included as a new bar graph.

Concerning the second point, the reviewers advised us to add a Western blot showing effects on VASP Ser239 and Thr278 phosphorylation after AICAR treatment. To control for specificity, we were also asked to perform experiments to test whether the phospho-VASP mutants (used in [Figure 4](#fig4){ref-type="fig"}) mimic the effects of AICAR. However, because both of these experiments were already included in the original version of the text, we sincerely could not figure out what additional assays/analyses could still be performed to further address this point.

We find unclear what additional experiments we could still perform to address these two issues: 'The reviewers concluded that the authors should quantify forces if they want to claim mechanosensitivity, and quantitatively assess the relation between forces exerted and actin assembly rates. Furthermore, it is unclear if resumed vectorial polymerization upon ablation actually depends on VASP'. Concerning the mechanosensitivity of vectorial actin polymerization, our data (traction force, FRAP and photoactivation experiments) already demonstrated that adhesions at the ends of dorsal stress fibers, which undergo vectorial polymerization, are under lower tension compared to the ones at the ends of ventral stress fibers, which do not undergo vectorial actin polymerization. Furthermore, our laser ablation experiments demonstrated that releasing the tension by disrupting the ventral stress fiber restores vectorial actin polymerization at the tips of the stress fiber. The only additional experiment that we can imagine to be informative would be to measure the tension at the tips of ablated vs. non-ablated ventral stress fibers. If requested, we will be glad to perform such experiment.

Regarding the role of VASP, our experiments already demonstrated that: 1) Levels of phosphorylated VASP correlate with vectorial actin polymerization in focal adhesions, 2) VASP depletion leads to loss of dorsal stress fibers, 3) Expression of phosphorylation-deficient VASP leads to uncontrolled elongation of dorsal stress fibers, 4) Elevated VASP phosphorylation through AMPKactivation leads to loss of dorsal stress fibers, and 5) Diminished VASP phosphorylation through AMPK-inhibition leads to uncontrolled elongation of dorsal stress fibers. Therefore, it is again difficult for us to comprehend, which additional experiments would still be required to demonstrate that mechanosensitive actin filament assembly at focal adhesions is at least partially mediated by VASP phosphorylation (as discussed in the text, we agree with the reviews that in addition to VASP phosphorylation, other mechanosensitive pathways are like to contribute to this process). Here, we could perhaps still preform experiments with different combinations of VASP mutants and AMPK activators/inhibitors, and/or try to perform laser ablation experiments on cells where VASP is inhibited by AICAR treatment to further clarify the role of VASP in this process.

Finally, reviewer \#3 listed a number of points, which we do not agree with and/or find unjustified. Thus, I have included our responses to these points in the end of the letter.

For the reasons described above, we would very much appreciate if the Reviewing Editor and the Senior Editor handling this manuscript could carefully re-consider the suitability of our revised manuscript for publication in *eLife*. As explained above, we will be glad to substantially modify the manuscript text as well as perform possible additional experiments if these are considered to be important for providing additional support for the conclusions presented.

Reviewer \#2: *The ablation photo-activation/FRAP experiments presented in [Figure 3](#fig3){ref-type="fig"} provide new evidence supporting the author\'s contention that force reduction promotes vectoral actin assembly. With that said, it would have been much more compelling if the authors had correlated actin assembly and experimental changes in VASP activity with actual forces. Since the authors are using traction force microscopy ([Figure 2](#fig2){ref-type="fig"}) it is not clear why this technique was not employed to address this key question.*

As described above, we were originally requested to use either laser ablation, cell pulling or traction force microscopy to address this point. However, if necessary we will be glad to perform new traction force experiments to measure the force at the tips of ablated vs. non-ablated ventral stress fibers as well as try to carry out laser ablation experiments (combined with FRAP) under conditions where VASP is constitutively phosphorylated.*[Figure 6](#fig6){ref-type="fig"} is improved by the quantitative assessment of phospho-Vasp levels before and after AICAR treatment; however, representative Western blots from which this data was obtained need to be shown.*

This can be easily added in the figure.Reviewer \#3: *Having carefully compared the original and revised versions of the manuscript, it seems that only very minor changes have been introduced into the revised version. Indeed, the biggest change is the addition of one experiment that the authors propose to confirm their previous conclusions.*

*The experiment (shown in [Figure 3](#fig3){ref-type="fig"}) is admittedly fancy, as the authors propose that they can introduce the feature of \"vectorial actin polymerization\", which they propose normally to be specific to dorsal stress fibers, in ventral stress fibers simply by relaxing them through laser-ablation. This is not uninteresting, but as far as I can see, the effect is comparably modest, and the authors show two individual examples only, without providing any statistics on how general or reproducible these two preliminary observations might be.*

We disagree that the effect is modest, because the rate of vectorial elongation of ablated ventral stress fibers was 0,298 (+/- 0,11) um/min, whereas non-ablated ventral stress fibers displayed elongation rate of 0,014 (+/-0,016) um/min. The average elongation rate in ablated ventral stress fibers was thus comparable to dorsal stress fiber elongation rate (0, 23 (+/- 0,048) um/min). We also do not show individual examples only, but, as described in paragraph 3 of the subheading "Tension provided by myosin II inhibits vectorial actin polymerization at focal adhesions", we measured the average rate of elongation and provide the SD value for the data. The statistical significance of the difference between the elongation rate of ablated vs. non-ablated ventral stress fibers is (p \<0.001; t-test) and this can be added to the text or the data can be presented as an additional bar graph.

*Notwithstanding this, my biggest problem with understanding the authors\' conclusions is as follows: as far as I could follow the model displayed in [Figure 9](#fig9){ref-type="fig"} ([Figure 8](#fig8){ref-type="fig"} in previous version), the authors propose that VASP phosphorylation in adhesions anchoring vsf inhibits what they call \"vectorial actin polymerization\". I don\'t want to repeat what I outlined in my previous review, but I would like to emphasize that I previously raised the concern that the absence of vectorial actin polymerization could be simply caused by the difference in overall organization of actin filaments and their orientation in the two-stress fiber types. Now the authors state in their rebuttal letter that they don\'t want to examine actin assembly rates in adhesions because they \"contain many different actin filament populations\", which makes it \"difficult to follow vectorial actin polymerization if the photobleaching is performed at the actual adhesion\".*

As already described in the manuscript, several lines of evidence suggest that focal adhesions harbor at least three different actin filament populations with distinct dynamic properties. 1) Three distinct tropomyosins (each one of which likely decorates different actin filaments) are present in focal adhesions of U2OS cells. Tm1 and Tm5NM exclusively reside in focal adhesions, whereas Tm2 decorates the entire dorsal stress fiber and is thus most likely associated with the actin filament population undergoing vectorial actin polymerization (Tojkander et al.,2011). 2) Several proteins involved in actin filament polymerization (e.g. VASP, INF2, Dia1) have been implicated in regulating actin dynamics in focal adhesions. 3) FRAP experiments performed on focal adhesions show rapid uniform GFP-actin recovery (which most likely corresponds to the focal adhesion resident actin filament populations), whereas FRAP experiments performed below focal adhesion (in the region that does not contain TM1 and Tm5MN decorated actin filaments) show treadmilling-like recovery that is indicative of vectorial actin polymerization. We will be glad to further clarify this in the manuscript.

More importantly, the authors state that they did not find any differences in actin turnover (by GFP-actin recovery) when bleaching adhesions located at the ends of dorsal vs ventral stress fibers. This confirms what I had proposed/feared in my review, which is that actin polymerization rates in adhesions anchoring dorsal vs ventral stress fibers are not significantly different.

These data show that rapidly turning over of actin population(s) within focal adhesions display similar dynamics in dorsal vs. ventral stress fibers. However, as very clearly shown by others and us through photoactivation and FRAP experiments performed below adhesions, the actin filament population responsible for vectorial polymerization displays dramatically different behaviors in dorsal vs. ventral stress fibers.

This also confirms that the modest changes in VASP phosphorylation between the two adhesion types cannot introduce a significant change in actin assembly rates.

Based on our data VASP has an important role in vectorial actin polymerization, and its regulation by phosphorylation is critical for the process (as demonstrated by RNAi, mutant VASP expression, AMPK activation and AMPK inhibition experiments).

*Instead, these observations suggest to me that it is the overall organization of actin filaments and their polarity in the two-stress fiber types which causes the differences observed in vectorial actin polymerization. That this might possibly be influenced by releasing the tension due to laser ablation could be interesting, but the data are too preliminary in my view to be published in* eLife.

We find it extremely unlikely that laser ablation would rapidly alter the polarity of heavily cross-linked actin filaments within stress fibers close to focal adhesions (far from the ablated region), and we do not have any data that would support such option. Furthermore, we would like to point out that the laser ablation experiments were combined with both photoactivation and FRAP to examine the stress fiber elongation, and the average rates were rigorously quantified from the FRAP data (see the third paragraph of "Tension provided by myosin II inhibits vectorial actin polymerization at focal adhesions"). We will be also glad to include the statistics of the photoablation experiment in the text or as a new bar graph.

*But even if it were true, my biggest problem with all these conclusions and the way the model is drawn at present is that it represents a sort of circular argument. Dorsal stress fibers undergo vectorial actin polymerization, which is proposed to be VASP-dependent, whereas ventral stress fibers prominently accumulate VASP, but due to its inhibition by phosphorylation, vectorial actin polymerization is inhibited. Do the authors really want to propose that VASP function is restricted to dorsal stress fibers? Are the authors sure they want to imply that VASP accumulating in adhesions anchoring ventral stress fibers is not functional simply because it is phosphorylated?*

Based on our data, VASP promotes vectorial actin filament assembly at the distal tips of dorsal stress fibers, but its actin polymerization activity is inhibited at the adhesions located at the tips of ventral stress fibers. It is important to note that VASP may display other biochemical activities, which may not be affected by phosphorylation (e.g. actin filament bundling) in adhesions located at the ends of ventral adhesions. We agree that this could be further clarified in the manuscript.

*Furthermore, if I took the model seriously, I would ask myself how vectorial actin polymerization can be inhibited in focal adhesions anchoring ventral stress fibers if actin assembly is still taking place (as stated in the rebuttal letter), or the other way around, how can active VASP in adhesions anchoring dorsal stress fibers drive vectorial actin polymerization in spite of the presence of additional actin assembly factors potentially present in adhesions (as mentioned by the authors) and along stress fibers? I feel that this model is too simplified to explain the observations described. In my view, essential regulatory components beyond VASP localization and regulation are missing here, but would certainly be required for a comprehensive view of why dorsal and ventral stress fibers display the discussed differences in vectorial actin polymerization.*

This figure represents a working model for mechanosensitive actin filament assembly and disassembly of stress fibers, and in our opinion provides the most likely explanation for the data presented in our manuscript and earlier publications. We agree with the reviewer that also other pathways (and actin nucleators and polymerization proteins) are likely to contribute to this process and will be glad to clarify this in the figure legend (this was already discussed in the Discussion). Finally, we would like to point out that existing data indicate that focal adhesions are composed of several different actin filament populations and that only the Tm2-decorated one is likely to be involved in vectorial actin polymerization and dorsal stress fiber elongation.

\[Editors' note: what follows is the response to the invitation to resubmit.\]

*As also mentioned in the appeal letter, the main point to be addressed in the revision was \"to demonstrate that vectorial growth and vsf assembly are mechanosensitive and that this is mediated, at least in part, by VASP phosphorylation\". While the laser ablation experiments alleviate to some extent the first part of the concern (provided concerns about quantifications can be addressed, as detailed below), the second part remains unclear. The Western blot of VASP phosphorylation after AICAR treatment, which was suggested in another part of the reviewers\' comments, is indeed important (though the original Western should be shown in addition to the quantification). However it does not directly link VASP phosphorylation or activity, to tension. This could be addressed by e.g. testing if vectorial growth after laser ablation depends on VASP. Without linking the resumed actin polymerization to VASP activity it seems a stretch to conclude that the release of tension by ablation triggers actin polymerization via VASP.*

This is an excellent suggestion, and we thus performed ablation experiments also on VASP-depleted cells. The new data revealed that vectorial actin polymerization of ablated ventral stress fibers is diminished by approximately 3-fold in VASP depleted cells compared to control cells (p\<0,001). Thus, these data provide direct evidence that VASP is indeed important for mechanosensitive actin filament assembly at focal adhesions. The new data are presented in [Figure 7](#fig7){ref-type="fig"} and discussed in subheading "ADF/cofilin-mediated disassembly of non-contractile actin filament bundles is important for maturation of ventral stress fibers". Furthermore, a Western blot is now included in [Figure 6B](#fig6){ref-type="fig"} as requested.

*Concerning the laser ablation experiments, the concern raised after the revision is that it is not clear how quantifications were performed. The actin signal is very dim on the image displayed, was the speed of growth quantified by hand or in an unbiased (automated) manner? If one were to draw a line along the stronger/less patchy actin signal, the speed of growth would be much lower than suggested by the dotted line in the figure. Given the low signal in the figure, providing a movie might also help assess the resumed actin polymerization. Furthermore, the text indicates a mean speed of resumed assembly, but the number of cells or experiments does not seem to be reported.*

We have now repeated all FRAP experiments concerning vectorial actin filament assembly at focal adhesions with identical microscopy settings, and performed data analysis in an unbiased manner. As described in Material and methods, the speed of elongation was manually quantified from the proximal end of the photobleached region using ImagePro Plus 6.0 software. To avoid any bias, we performed 'blind analysis' of the data in a way that elongation speeds were quantified from randomly ordered samples by a different person to the one that performed the experiment and prepared the kymographs. We now also report the number of experiments in the figure legends (see: [Figure 2](#fig2){ref-type="fig"}, [Figure 3](#fig3){ref-type="fig"}, and [Figure 7](#fig7){ref-type="fig"}) and demonstrate that the differences in the vectorial actin polymerization rates between ablated vs. non-ablated and control ablated vs. VASP-depletion ablated stress fibers are highly statistically significant (in all cases p\>0,001; t-test).

While indeed the option of more extensively using traction forces was only suggested in the initial round of review, given the important of the mechanosensitivity statement, it would considerably strengthen the conclusions of the laser ablation experiment if tractions force microscopy was used to show that it indeed releases tension in the stress fiber.

We have now performed traction force microscopy combined with laser ablation of ventral stress fibers. A representative example of such experiment, shown in [Figure 3--figure supplement 1C](#fig3s1){ref-type="fig"}, demonstrates that laser ablation of a ventral stress fiber indeed releases the tension at focal adhesions located at the tips of ventral stress fibers.

*The appeal letter lists a number of experiments on VASP. However, most of the treatments listed lead to effects on dorsal stress fibers. Yet, one key point of the model proposed is that mechanosensitive VASP phosphorylation stabilizes ventral stress fibers by preventing vectorial growth, as detailed in [Figure 9](#fig9){ref-type="fig"}. This is at this point a rather unsupported statement, which the authors might be able address by exploring the role of VASP in the laser ablation experiments, as suggested in the appeal letter.*

As described above, we have now performed laser ablation experiments also on ventral stress fibers of VASP-depleted cells. These experiments revealed that knockdown of VASP results in \~3-fold (p\<0,001) decrease in vectorial actin polymerization at focal adhesions of ablated ventral stress fibers as compared to control cells. The new data are shown in [Figure 7](#fig7){ref-type="fig"} and discussed in the subsection "Actin polymerization in focal adhesions is controlled by phosphorylation of VASP"

Concerning the concerns of Reviewer 3, the responses provided in the appeal letter suggest that they could indeed be addressed by further clarifications in the text and a more extensive investigation of the laser ablation experiments. However, this reviewer\'s concerns about actin turnover at focal adhesions versus vectorial growth are relevant and the distinction may be confusing for many readers as well. It would be particularly important to further clarify this distinction in the text and possibly include the FRAP experiments at the different types of adhesion to make clear that the paper does not mean to claim that VASP phosphorylation stops all actin assembly in vsf (as may be wrongly assumed from a quick look at [Figure 9](#fig9){ref-type="fig"}). Again, a thorough investigation of the laser ablation experiments, including the role of VASP and if possible traction force measurements of the force release, could help addressing these concerns.

If these experiments can be added and the points listed above can be addressed, we are prepared to consider a revised submission with no guarantees of acceptance.

As suggested, we have now compared actin dynamics at focal adhesions located at the tips of dorsal vs. ventral stress fibers. These data ([Figure 2--figure supplement 2](#fig2s2){ref-type="fig"}) demonstrate that the turnover of the mobile actin fraction is very similar in dorsal and ventral stress fibers, but there is a small difference in the sizes of immobile fractions. This may be due to absence of vectorial actin actin polymerization in focal adhesions at the tips of ventral stress fibers. However, because the difference was rather modest and there are also alternative explanations for this result, we decided not to elaborate this in the manuscript.

In addition, we have modified manuscript text (please see the subsection of the Resulst "Tension provided by myosin II inhibits vectorial actin polymerization at focal adhesions" and the Discussion) to clarify that: 1) Based on current evidence (including the FRAP analysis described above), focal adhesions are likely composed of several different actin filament populations (specified by different tropomyosins), and 2) VASP phosphorylation does not stop all actin polymerization at focal adhesions, but is specific for the actin filament population responsible for vectorial actin filament assembly (and stress fiber elongation). Finally, we have modified the legend to [Figure 10](#fig10){ref-type="fig"} to specify that focal adhesions are most likely composed of multiple actin filament populations with different dynamics, and that in the figure we only included the actin filament population that is responsible for vectorial actin polymerization (and elongation of stress fibers).

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

*The traction force microscopy experiment showing that laser ablation actually releases tension in ventral stress fibers ([Figure 3--figure supplement 1C](#fig3s1){ref-type="fig"}) is essential, as it demonstrates that the method works. The authors state it is representative, but of how many experiments? Could some quantification of the released forces and of the number of experiments performed be provided?*

Laser ablation induced tension release was analyzed from three cells, where we ablated one stress fiber and measured the tension around adhesions located at each end of the ablated stress fiber. This analysis demonstrated that ablation resulted in 27,3 +/- 7,0 (SD)% decrease in tension at the region around the adhesion immediately following laser ablation of the fiber. This is now discussed in the legend to [Figure 3--figure supplement 1](#fig3s1){ref-type="fig"}. Please, note that because spatial resolution of the method does not allow measuring the force applied only to the actual adhesion (and thus nearby adhesions or by adjacent non-ablated stress fibers may contribute/compensate traction forces measured), this method most likely underestimates the magnitudes of tension release following stress fiber ablation.

*Do focal adhesions at the end of the stress fibers move upon laser ablation or do they remain immobile? This is important because adhesion movement when vectorial growth is being measured would affect the measured elongation rates. Or is the bleaching performed after potential adhesion movements have relaxed?*

We have performed several laser ablation experiments on cells expressing mCherry-zyxin (in addition to GFP-actin), and these data show that focal adhesions at the ends of ventral stress fibers are immobile also after ablation. In few cases, laser ablation led to retraction of cell edge and accompanied disruption of focal adhesions. All such cases were discarded from the

analysis of vectorial actin growth. This is now explained in the Materials and methods. If necessary, we can also include a new supplementary movie demonstrating that focal adhesions remain immobile after laser ablation.

*Does the quantification of vectorial actin polymerisation rates provided in [Figure 7](#fig7){ref-type="fig"} also correspond to the experiments displayed in [Figure 3](#fig3){ref-type="fig"}? If so, please clarify in the figure legend/text. If not, could a similar quantification be provided for [Figure 3](#fig3){ref-type="fig"}?*

This is indeed the case, and this is now clarified in the legend to [Figure 3](#fig3){ref-type="fig"}.

*In his last comment, reviewer 3 was rather asking how VASP can promote vectorial growth specifically, i.e. how does VASP elongate only or preferentially filaments pointing towards the cell center. Could the authors speculate on how they envisage this could be achieved at the microscopic level? This is an important point that should be clearly stated in the Discussion of the paper.*

In filopodia, VASP promotes the assembly of unipolar actin filament bundles with their barbed ends facing the tip of these protrusions. We believe that VASP similarly catalyzes the assembly of unipolar actin filament bundles in focal adhesions (with rapidly growing barbed ends facing the adhesion, where VASP localizes and where hence the addition to new actin monomers occurs). This is now clarified in the Discussion.

In [Figure 7A](#fig7){ref-type="fig"}, has the kymograph been turned upside down compared to what is displayed in the picture of the whole cell? Otherwise it seems that the resumed growth occurs distally, towards the outside of the cell from the adhesion point at the end of the stress fiber, which does not seem to make sense.

This is correct. For clarity, we have now rotated the cell image in [Figure 7A](#fig7){ref-type="fig"} 180^o^ counterclockwise. *Is there a condition missing in [Figure 5E](#fig5){ref-type="fig"} on the left of WT VASP? The space between the y axis and WT VASP is rather wide.*

We have now compressed the graph by removing unnecessary space from the left and right hand sides of the bars.
